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SUMMARY
1. Root g raf t ing ,  as  deduced  from the number of l iv ing  s tumps in 
th inned  s t a n d s ,  w as  w id e sp rea d  in Pinus rad ia ta  D .D o n .  s t a n d s  
in the  A . C . T .  I t commenced only  when the s t an d s  were  10 
y e a r s  old bu t  then in c re a s e d  rap id ly  with  i n c re a s in g  s t a n d  age 
up to a t  l e a s t  25 y e a r s .
2. The co n n ec t io n  of l ive  s tumps to l ive  t r e e s ,  e i the r  d i r e c t ly  or 
ind i rec t ly  through ano ther  l iving s tum p ,  w as  e s t a b l i s h e d  by  
e x c a v a t io n  of some root s y s t e m s .
3.  There w as  no e v id en ce  tha t  s i lv i c u l tu ra l  t rea tm en t ,  su ch  as  
in i t i a l  sp a c in g  of the  t rees  or th inn ing ,  in f luenced  the in c id en ce  
of root graf t ing .  Sha l low so i l s  ap p ea red  to inhib it  root g ra f t ­
ing a n d / o r  surv iva l  of l iv ing  s tum ps .
8 64. The r a d io i s o to p e ,  Rb, and the dye ,  ac id  fu c h s in ,  were  u sed  
s u c c e s s f u l l y  to t ra ce  movement through fu sed  root s y s t e m s .
Both t r ace r s  moved from liv ing  s tumps to a s s o c i a t e d  l iving 
t r ee s  a t  r a t e s  of 2 to 10 inches  per hour,  bu t  no movement  in 
the  o p p o s i te  d i rec t io n  w as  d e t e c t e d .  Limita t ions  in the fie ld
a p p l i c a t io n  of t h e s e  te ch n iq u es  are  d i s c u s s e d .
ix
5. There w as  no ev id en ce  tha t  l iv ing  s tumps  in f luenced  the growth 
of a s s o c i a t e d  t r e e s .
6. Techn iques  for graft ing see d l in g  ro o t s ,  and pre l iminary  e x p e r i ­
ments  on the movement of s u b s t a n c e s  through such  g ra f t s ,  are 
d e s c r i b e d .
CHAPTER 1
INTRODUCTION
F o res t  au tho r i t i e s  in Austra lia  h av e  become in c re a s in g ly  
aware  of the  importance  of fo res ts  a s  a r e n e w a b le  na t iona l  a s s e t  
and have  c o n se q u e n t ly  unde r taken  a g rea t ly  i n t e n s i f i e d r e - f o r e s t a t i o n  
schem e  to m eet  a n t i c ip a te d  fo res t  dem an d s .  Pinus r ad ia ta  D. Don, 
b e c a u s e  of i ts  a d ap ta b i l i t y  and e x c e p t io n a l  growth, h a s  becom e  the 
major r e - f o r e s t a t i o n  s p e c i e s  in s o u t h e a s t e r n  A us t ra l i a ,  and in 1967 
covered  over 5 0 0 ,0 0 0  a c r e s  with an ad d i t io n a l  5 0 ,0 0 0  a c re s  be ing  
p lan ted  annua l ly  (F. & T.B. 1967). The l a s t  d e ca d e  has  s e e n  a 
co r re sp o n d in g ly  i n c re a s e d  in t e r e s t  in those  fac to rs  w h ich  a f fec t  
the growth and dev e lo p m en t  of rad ia ta  p ine ,  y e t  l i t t l e  a t t e n t io n  has  
b e en  given to the underground por t ions  of the t r e e ,  which are  j u s t  
a s  v i ta l  as the above  ground par ts  to i t s  con t inued  w e l l - b e in g  and 
s u r v i v a l .
Root graf t ing  is  a na tu ra l  phenomenon common to a grea t  
number of tree s p e c i e s  and is  found f requen t ly  in rad ia ta  p ine .  
Although it has  b e e n  reported  tha t  root fus ion  in o ther s p e c i e s  may
have  c o n s id e ra b le  e c o lo g i c a l ,  p a th o lo g ic a l  and
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s i l v i c u l t u r a l  im p l ic a t io n s ,  there  is  l i t t l e  q u a n t i t a t iv e  informat ion 
a v a i l a b l e  as  to i t s  in c id e n ce  or s ig n i f i c a n c e  in Pinus  r a d i a t a .
For th e se  r e a s o n s ,  th is  s tu d y  of root gra f t ing  in Pinus 
r a d ia ta  w as  under taken  to d e te r m in e : -
(1) the  age  a t  which  root g raf t ing  b e g in s ,  and i t s  
in c id e n c e  throughout the  l i fe  of a s tand ;  
and (2) the p o s s i b l e  s i g n i f i c a n c e  and function of root gra fts  
w i th in  fo r e s t  s t a n d s .
LITERATURE REVIEW 
1 . 1 N atu ra l  occu r ren ce  of root gra f ts
Root gra fts  occu r  w ide ly  in na ture  and are  of th ree  b a s i c  
types:  s e l f  g ra f t s ,  i n t r a s p e c i f i c  g ra f t s ,  and  in t e r s p e c i f i c  g ra f t s .
Self  g ra f t s  form be tw een  roo ts  of the one t r e e ,  w h i l s t  i n t r a s p ec i f i c  
gra fts  are  found be tw een  roots  from d i f fe ren t  in d iv id u a ls  of the one 
s p e c i e s .  In t e r s p e c i f i c  root g r a f t s ,  involv ing  roots  from two 
d i f fe ren t  s p e c i e s ,  are uncommon (Beddie 1941).  Each type of 
root g ra f t  may be  further  c l a s s i f i e d  acco rd in g  to i t s  shape  or 
o r ien ta t ion ;  for exam ple ,  i n t e r s e c t in g  g ra f t s ,  long i tud ina l  graft s  
and br idge  gra fts  (Graham 1959).  H ow ever ,  i t  is  c o n s id e re d  tha t  
the terms polar ,  an t ip o la r  and  r i g h t - a n g u l a r  root gra f ts  (Armson 
and D r i e s s c h e  1959) are more meaningful a s  they convey  an idea
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of the o r ien ta t ion  and p h ys io log ica l  a l ignm ent  of the roots taking 
part  in the fu s ion .
Graham and Bormann (19 66) rev iew ed  the repor ted  in c id en ce  
of root grafts  in var ious  s p e c i e s  throughout the world .  These  will  
not be r e i t e ra ted  he re ,  bu t  some further r e f e r e n c e s ,  inc lud ing  those  
repor ted  in A us t ra l ia ,  are given in Appendix A.
1 .2  M echan ism s  of root graft  formation
Root fu s io n s  may form in va r ious  w a y s .  S p e c ia l iz e d  
m echan ism s  are involved  in the pos i t iv e  a t t r a c t io n  of some p a ra ­
s i t i c  tree roots to the ir  h o s t s  (Iyengar 19 65) , and in the ready  
fu s ion  of the ae r ia l  roots  of Ficus  g lobosa  (Rao 1966).  For most 
s p e c i e s ,  however ,  the m echan ism s  by which  roots  gra ft  a re  b e s t  
d e s c r ib e d  by Graham and Bormann (1966) who u s e d  the  roots  of 
Pinus  s trobus  to i l l u s t r a t e  the p ro c e s s .  Two roots  growing 
p a ra l l e l  to ,  or a c r o s s ,  e ac h  other e s t a b l i s h  a point  of c o n ta c t .  
S in ce  both  roots  are  firmly supported  by the so i l  on e i th e r  s id e  of 
the poin t of c o n ta c t ,  s u b se q u e n t  rad ia l  growth c a u s e s  a p re s su re  
to d e v e lo p .  As th is  p r e s su re  i n c r e a s e s ,  r id g e s  of t i s s u e  are 
formed, the  in te rven ing  bark  b re a k s  down,  and e v e n tu a l ly ,  v a s c u la r  
con t in u i ty  is e s t a b l i s h e d .  Bormann (19 66) s t r e s s e s ,  how ever ,
tha t  v a s c u l a r  deve lopm en t  may not proceed  eq u a l ly  in a ll  a reas  of
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the c o n ta c t zone . W here  the t is s u e s  are a n a to m ic a lly  and 
p h y s io lo g ic a lly  a lig n e d , norm al t is s u e  grow th  occu rs  and an 
e f f ic ie n t  u n io n  is  e s ta b lis h e d , b u t w here  t is s u e s  w ith in  the two 
roo ts  are o p p o s ite ly  a lig n e d , ir re g u la r  and h ig h ly  co n vo lu te d  g ra in  
d e v e lo p s . Th is  le d  Bormann to propose th a t e f fe c t iv e  ro o t fu s io n  
can o n ly  occu r be tw een  tis s u e s  w ith  norm al a n a to m ic a l and 
p h y s io lo g ic a l a lig n m e n t. W h ils t  some o thers suppo rt th is  v ie w  
(Y li-V a k k u r i 1953), w o rk  done w ith  a r t i f i c ia l ly  induced  ro o t g ra fts  
suggests  th a t fu n c t io n a l a n t ip o la r  g ra fts  can be form ed (F ische r et 
_aL 1960).
T issu e  grow th  around the g ra ft un ion  tends to  be d is to r te d  
fo r tw o o r three years be fo re  co n tin u o u s  g row th  r in g s  are produced , 
e n a b lin g  the age o f the ro o t g ra ft,  and the ro o ts  conce rn ed , to be 
e s tim a te d  from  c ro s s -s e c t io n s .  N o rm a lly , ro o t g ra fts  cen o n ly  
be v e r if ie d  b y  c h e c k in g  fo r v a s c u la r  c o n t in u ity ;  th is  n e c e s s ita te s  
p a r t ia l ba rk  s tr ip p in g  or even s e c t io n in g  the suspe c ted  g ra ft to 
ensure th a t x y le m  tis s u e  is  co n tin u o u s  and n o t sepa ra ted  b y  f irm ly  
e n c lo se d  b a rk .
1 .3  F ac to rs  m o d ify in g  ro o t g ra ft  in c id e n c e
Root g ra ft  fo rm a tio n  is  m o d ifie d  b y  a c o m p le x ity  o f  fa c to rs ,
a l l  o f w h ic h  in te ra c t  in  n a tu re . For c o n v e n ie n c e , these  fa c to rs
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wil l  be  t r e a te d  s e p a r a t e ly  and  have  b een  grouped under  " t ree"  , 
" p h y s i o l o g i c a l " ,  " en v i ro n m en ta l" ,  and  " s i lv i cu l tu ra l "  f a c t o r s .
(i) Tree fac to rs ;  The rooting hab i t  of tree  s p e c i e s  
may be  su ch  as to give r i s e  to a g rea te r  or sm al le r  number of root 
c o n t a c t s  (La Rue 1934). For ex am p le ,  t rees  wi th  a predominan t ly  
v e r t i c a l ,  a s  opposed  to a h o r iz o n ta l ,  root sp read  cou ld  be  
e x p e c te d  to form root grafts  l e s s  frequently ;  th is  may e x p la in  
some of the  d i f fe ren ces  in root graft  inc idence  b e tw een  s p e c i e s .
Tree a g e ,  per s e ,  s eem s  to have  very  l i t t l e  in f lu en ce  on 
root g ra f t ing .  S eed l ings  of va r ious  s p e c i e s ,  one to five  y e a r s  
o ld ,  form root graf ts  when grown a t  c l o s e  s p a c in g s  e i th e r  in 
n u r s e r i e s  or in the f ie ld  (Berchenko 1959, Graham and Bormann 
1966, S chu l tz  and Woods 1967). There are  ind ica t io n s  how ever ,  
tha t  ve ry  young roots  m us t  be  woody (Beddie 1941) and be  above  
a minimum s i z e  (F ischer  e t  a l . 19 60) before  fu s io n  wi l l  o ccu r .  
C o n v e r s e ly ,  t rees  up to 65 y e a r s  old have  formed func t iona l  root 
gra fts  (Stout 195 6).
As a t ree  grows ,  i t s  roo ts  s p read  ra d ia l ly  ou twards  from it s  
b a s e .  The ra te  of sp read  for a p a r t i cu la r  tree and i t s  su rrounding  
n e ighbours  wi l l  d e te rm ine ,  for a g iven  s p a c in g ,  when roo ts  wi l l
o ve r lap  and  be  l ike ly  to fu s e .  In i t ia l ly ,  root c o n ta c t  is  p o s s i b l y
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avoided  through root de f lec t io n  to evade  the zone of e x h a u s te d  
so i l  m ois tu re  im m edia te ly  surrounding a c t i v e  roots  (W endelken  
1955).  As root d e n s i t y  i n c r e a s e s ,  th is  mechanism b reaks  down 
and c o n ta c t s  are  e s t a b l i s h e d .  A number of workers  have  d e sc r ib e d  
the root sp read  of va r ious  s p e c i e s  u s in g  i so to p e  and e x cav a t io n  
te ch n iq u es  (Stout 1956, Curt is  1964, Hough e t  a l . 1965, Ferri l l  
and Woods  1966, Brown and Woods 1968, G rose  1968).  G r o s e ' s  
r e s u l t s  a re  p a r t i c u la r ly  in te re s t in g  a s  he w a s  ab le  to c o n s t r u c t  a 
tab le  showing  the  a v e rag e  root sp read  of t rees  of d i f feren t  crown 
c l a s s e s  with  t ime.  With  s im i la r  q u a n t i t a t iv e  d a ta  for o the r  s p e c i e s ,  
i t  should  be p o s s ib l e  to p red ic t  when and w here  root grafts  are  
mos t  l i k e ly  to form.
S i n c e  the root sp read  of a tree is r e l a t e d  to i t s  c rown c l a s s  
(in the root s tu d i e s  of a number of s p e c i e s  re fe rred  to above ,  
mean  l a t e r a l  root sp re a d  w as  approx im ate ly  four to five  t imes the 
crown radius)  a h ighe r  in c id e n ce  of root fus ion  may be  e x p ec ted  
in tr ees  of the b e t t e r  crown c l a s s e s .  G rose  (1968), in f a c t ,  found 
a r e l a t i o n s h ip  b e tw e e n  crown c l a s s  and root gra ft  i n c id e n ce .  No 
root fus ions  w ere  o b se rv ed  b e tw ee n  s u p p r e s s e d ,  or b e tw ee n  
s u p p r e s s e d  and in te rm ed ia te  c l a s s  t r e e s ,  due p o s s ib ly  to the 
l imited  root sp re a d  of th e se  t rees  a n d /o r  to the low ra te  of
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d iam e te r  inc rem ent  of the ro o ts .  P a w se y  (19 6 2) and Yli-Vakkuri  
(1953) found r e l a t i o n s h ip s  s imi la r  to those  d e s c r ib e d ,  bu t  Lanner 
(1961) and De Byle (1964) fa i led  to find any co r re la t ion  be tw een  
crown c l a s s  and root graft  in c id e n c e .
(ii) P h y s io lo g ic a l  factors :  Incom pa t ib i l i ty  of s tem  grafts  is
wel l  recorded  in the l i t e ra tu re  and could  be expec ted  to occur  on a 
s im i la r  s c a l e  in ro o t s ,  y e t  l i t t l e  r e f e r e n c e  has  been  made to i t .
Grose  (1968),  working  with white s p r u c e ,  ob se rv ed  many in s t a n c e s  
where  c o n s id e r a b l e  growth malformat ion had r e s u l t e d  from roots  
exer t ing  p r e s s u r e  on eac h  o ther  w i th o u t  root fu s ion  taking p la ce .
He s u g g e s t e d  th a t  th is  ind ica ted  root i n c o m p a t ib i l i t y .  This could  
be  a fur ther  c a u s e  of the in frequency of root gra f ts  in some tree  
s p e c i e s .
I n t e r s p e c i f i c  root gra fts  are  som et im es  found in na tu re  
(Beddie 1941, Jo n es  and Partr idge 1961),  in d ica t ing  th a t  root 
t i s s u e s  c a n  u n i te  a c r o s s  s p e c i e s  b o u n d a r i e s .  It would be ex tremely  
in te re s t in g  to o b se rv e  the t i s s u e  ana tom y a t  su ch  a root gra ft  
i n t e r fa c e ,  and  to de te rm ine  w he ther  i n t e r s p e c i f i c  root gra f ts  are 
c a p a b le  of su ppor t ing  the l i fe  of s tu m p s .  In te r s p e c i f i c  root 
grafts  occur  in f requen t ly  and a l though  the root s y s te m s  of d i f feren t
s p e c i e s  may be so  in te r locked  tha t  they  c an n o t  be  s e p a r a t e d  in ta c t ,
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fushn ra re ly  takes p lace  (H e llm e rs  e t a l . 1955). W heneve r roo t 
g ra flng  (o the r than s e lf  g ra fts ) occu rs  i t  is  l ik e ly  th a t the roo ts  
in voved  are g e n o ty p ic a lly  u n l ik e .  Such g ra fts  m ust show v a ry ­
ing tegrees o f c o m p a t ib il i ty ,  so i t  w o u ld  seem lo g ic a l to e xp e c t 
d iffe e n c e s  in  the m echan ism  and fu n c t io n  o f ro o t g ra fts  on th is  
b a s i (Graham 1960).
' i i i )  E nv ironm en ta l fa c to rs : La Rue (1934) and Bormann and
Grahm  (1959) co n s id e re d  th a t the s o i l p la ys  an im p o rta n t pa rt 
in  r o t  g ra ft fo rm a tio n , even though some tree sp e c ie s  appear to 
be p r t ic u la r ly  adap tab le  and w i l l  form  ro o t g ra fts  in  any s o i l 
type For m ost tree s p e c ie s , e x c a v a tio n  s tu d ie s  have show n the 
m a jc ity  o f ro o t g ra fts  to be form ed in  the top  12-18 in ches  o f 
s o ilv h e re  roo ts  are n o rm a lly  co n ce n tra te d  (A rm son and D r ie s s c h e  
1952 Bormann and Graham 1959, S c h u ltz  and W oods 1967).
HOW-ver, in  s itu a t io n s  w here  im p e rv io u s  c la y  la y e rs , bed ro c k , 
or huh w a te r ta b le s  c o n fin e  roo ts  to a s h a llo w  s o il la y e r ,  
in c ra s e d  ro o t d e n s ity  re s u lts  in  in c re a se d  ro o t fu s io n  (S tout 195 6, 
Fayl 1965, F raser and G a rd in e r 1967, M c C a v is h  1967). R ock- 
ines w ith in  the s o i l p ro f i le  a ls o  appears to  in c re a se  the in c id e n c e  
o f r o t  g ra ftin g  by  e n fo rc in g  in tim a te  ro o t c o n ta c t through c o n -  
f in e ie n t and c h a n n e llin g  o f roo ts  as they  pass around o b s tru c tio n s
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(Kozlowski and C oo ley  1961, Schu l tz  1962, Saunier  and W ag le  
1965, Kimber 1967, Schul tz  and W oods  1967).
There is only l imi ted  in format ion on the in f luence  of s i t e  
qua l i ty  on root graf t ing .  It could  be  p red ic ted  from s tu d ie s  of 
the  r e l a t io n s h ip  b e tw een  tree v igour  and root sp read  tha t  the 
rad ia l  root d eve lopm en t  of t rees  on a h igh qua l i ty  s i t e  would be 
much g rea te r  than the root sp read  of a s im i la r ly  aged  s tan d  on a 
lower  q u a l i ty  s i t e ,  so  tha t  the c h a n c e s  of roots  co n tac t in g  and 
fus ing  would be g r e a t e s t  on the h igher  q u a l i ty  s i t e s .  This 
p ropos i t ion  is  conf i rmed,  in par t ,  by t rends  found in Pinus rad ia ta  
s t a n d s  (Pawsey  1962),  and  by De Byle (1964) who ob se rv ed  
f requen t  root fu s io n s  in high qu a l i ty  s t a n d s  of Populus tremulo ides  
bu t  none in low q u a l i ty  s tan d s  of the sam e a g e .
(iv) S i lv icu l tu ra l  p rac t ice s :  S i lv icu l tu ra l  p ra c t i c e s
in f luence  root graf t ing  in fo res t  s t a n d s  b y  a l te r ing  the  opportuni ty  
for root c o n ta c t .  Si te  p repara t ion  before  p lan t ing  may conf ine  
root dev e lo p m en t  to l o c a l i z e d  reg ions  and  thus  induce  g rea te r  
roo t  f u s io n .  For exam ple ,  plough lay e r s  (Armson and D r i e s s c h e  
1959),  mounding of so i l  in poorly d ra ined  a r e a s ,  and d e ep  row 
ripp ing  in sha l low  s o i l s ,  al l have  the e f f e c t  of conf in ing  and
c o n ce n t r a t in g  ro o t s .
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D iffe re n t p la n tin g  techn iques  m o d ify  the in c id e n c e  o f 
g ra fted  ro o ts . For in s ta n c e , the c lu s te r  m ethod em ployed by  the 
R ussians prom otes e a r ly  roo t fu s io n  (Berchenko 1959, Lanner 1963), 
w hereas the roo ts  o f re g u la r ly  spaced s e e d lin g s  (6' x  6' to 
9' x  9 ‘) in  p la n ta tio n s  canno t be expe c ted  to  fuse  u n t i l  s u f f ic ie n t  
tim e has e lapsed  to a llo w  o v e rla p p in g  o f ro o t sys te m s . C lo s e r  
spac ings  w i l l  p roduce g rea te r ro o t o v e rla p  a t an e a r lie r  age and 
w i l l  re s u lt  in  g rea te r ro o t g ra ft in c id e n c e . The chances o f roo ts  
fu s in g  in  u n ifo rm ly  spaced p la n ta tio n s  are co n s id e re d  fe w e r than 
in  n a tu ra l s tands w here  in d iv id u a l trees are com m on ly  more c lo s e ly  
spaced (S chu ltz  and W oods 1967). T h in n in g  p ra c tic e s  a ls o  a lte r  
roo t g ra ft and l iv in g  stum p in c id e n c e . A th in n in g  from  b e lo w , 
where supp ressed  and in te rm e d ia te  trees are rem oved , w i l l  re s u lt  
in  a h ig h e r percen tage  o f the re m a in in g  l iv in g  trees b e in g  ro o t 
g ra fted  w ith  a lo w  in c id e n c e  o f l iv in g  s tum ps; a th in n in g  from  
above w i l l  in c re a se  the num bers o f l iv in g  s tum p s , b u t m ay 
decrease  the percen tage o f trees ro o t g ra fte d  (Armson and 
D rie s s c h e  1959, S c h u ltz  1962). W ith  t im e , the num ber o f ro o t 
g ra fts  p resen t in  a stand w i l l  decrease  because  o f in c re a s in g  
dea th  o f ro o t sys tem s through subsequen t th in n in g s . The use o f
c h e m ic a ls  to d e -b a rk  or th in  fo re s t trees d r a s t ic a l ly  reduces ro o t
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graft  i n c id e n c e ,  a s  i t  e l im ina te s  the  p o s s ib i l i t y  of the  t r ea ted  root 
s y s te m s  remain ing  a l i v e ,  and may even r e s u l t  in the dea th  of 
a s s o c i a t e d  u n t re a ted  t r e e s .
1 .4  Root graft  func t ion
The f ac t  tha t  l iv ing  s tumps su rv ive  and produce  annual  
growth r ings  in d ic a te s  tha t  root gra f ts  do func t ion  and a l low  
foods and hormones  to flow a c r o s s  the  root graft  i n t e r fa c e .  Very 
l i t t l e  is  known about  how or why root gra fts  func t ion  as they  do -  
ye t  this informat ion is  v i ta l  to the full u n d e rs tan d in g  of the role 
of root g r a f t s .  Movement appea rs  to occur  wi th in  the phloem and 
xylem bu t  as  d i f feren t  m echan ism s  op e ra te  in each  c a s e  they will  
be  c o n s id e r e d  s e p a r a t e ly .
Organic  s u b s t a n c e s  w i th in  the phloem have  a marked 
c a p a c i t y  for l a te ra l  movement,  and l a t e r a l  t rans fe r  a c r o s s  the 
roo t  graf t  in te r face  appea rs  to occur  w h e n ev e r  favourab le  
g rad ien ts  e x i s t .  H e n ce ,  following lo s s  of vigour by one member 
of a g ra f ted  pair  (by s u p p re s s io n  or crown removal) ,  a food 
g rad ien t  may be e s t a b l i s h e d  enab l ing  con t inu ing  growth of the 
lower  bo le  a n d / o r  root sy s tem  of the n o n r ig o r o u s  gra fted  member 
(Bormann 19 66). Li t t le  e l s e  is known a b o u t  o rgan ic  movement
a c r o s s  the  root graft  in te r face  or w ha t  f a c to r s  may in f lu en ce  the
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d irec t ion  of f low.
T rans loca t ion  s t u d i e s ,  u s in g  i so to p e s  and dyes  a s  t r a c e r s ,  
have  led  to a much b e t te r  u n d e r s t an d in g  of the fac to rs  con t ro l l ing  
xylem movement  a c r o s s  the root graf t  i n t e r f a c e .  W h i l s t  some of 
the  r e s u l t s  a re  c o n f l ic t ing ,  th is  only  r e f l e c t s  an in a b i l i ty  to 
control  the  com plex i ty  of fac to rs  in f luenc ing  the func t ion  of root 
grafts  in the na tu ra l  environment .  Graham (19 60) c o n s id e re d  tha t  
dye  up take  through in jec ted  l iv ing  s tumps r e f l e c te d  the p h y s io ­
log ica l  r e s p o n s e s  of a s s o c i a t e d  in t a c t  t r e e s ,  a s  w e l l  a s  the  
number and s i z e  of grafts  in v o lv ed ,  the d e g re e s  of an a to m ica l  or 
b io p h y s ic a l  com p a t ib i l i ty ,  and m icroenvironmenta l  cond i t ions  
in f luenc ing  t ranspor t  through ind iv idua l  ro o ts .  He showed that  
dye  up take  w as  i n c re a s e d  on days  of high t r an sp i ra t io n  bu t  f a i led  
to ob ta in  any  p a t te rn s  of pe r iod ic i ty .  However ,  Schu l tz  and
W oods  (19 67) found extreme d iurna l  f luc tua t ion  in ha l f  of the 20
3 2l iv ing  s tumps they  in jec ted  with  P. The in te n s i ty  of i n s o l a -
3 2tion w a s  c l o s e l y  co r re la ted  with  P t rans fe r  to the  a s s o c i a t e d  
l iv ing  t r ee ,  s u g g e s t in g  tha t  many root g ra f t s  only  func t ion  during 
t imes  of high w a te r  s t r e s s .  De Byle (19 64) c o n s id e re d  tha t  s o lu te  
c o n ce n t r a t io n  g ra d ie n ts  induce  some ad d i t iona l  movement.  The
fa i lu re  of dyes  and i so to p es  to move into and  a c r o s s  a ll  known
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root g r a f t s ,  even during  t imes of high w a te r  s t r e s s ,  would seem 
to in d ic a te  tha t  o ther p h y s io lo g ic a l  and environmenta l  fac to rs  
a f fec t  root graft  func t ion .  The d eg ree  of func t iona l i ty  of a 
p a r t i c u la r  graft  is  thought by  Bormann and Graham (1966) to be  
modif ied  by  c h a n g e s  in po la r i ty  and t i s s u e  d is t r ibu t ion  p a t te rn s  
r e s u l t i n g  from the o r ien ta t ion  of the  g raf t .  How ever  th is  does  
not e x p la in  the fa i lu re  of some grafts  to func t ion .  As th is  
know ledge  is  of prime importance  in d i s e a s e  contro l  and the 
proper u s e  of c h e m ic a l s  in the fo r e s t ,  much more r e s e a rc h  into 
th is  a s p e c t  of root graf ts  is w a r ran ted .
Not a ll  root grafted  s tum ps  remain  a l ive  after a thinning; 
s u rv iv a l  d ep en d s  on the  s i z e ,  number,  and e f f e c t iv e n e s s  of 
roo t  g ra f t s  a l r ead y  formed,  toge ther  with  the  v igour  of the 
a s s o c i a t e d  l iv ing  tree (Lanner 1961).  Of t rees  tha t  do su rv iv e ,  
the  majori ty  produce  annual  growth r ings  wi th  food s u p p l ie d  by  
the h o s t  t ree .  U su a l ly  ring width d e c r e a s e s  with  in c re a s in g  
age  of the l iv ing  s tump,  bu t  i n s t a n c e s  w here ,  for a sho r t  period,  
r ing w id th  immedia te ly  a f te r  thinning w as  g re a te r  than be fo re ,  
h av e  b e e n  repor ted  (Lanner 1961, Satoo 1964).  This c a n  
p robab ly  be  a t t r ibu ted  to the u s e  of s to red  foods wi th in  the 
l iv in g  stump for new xy lem produc t ion ,  and it may exp la in  why
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the  wid th  of the  f i r s t  three  to five  growth r ings  in C h am ae cy p a r i s  
ob tu s a l iv ing stumps was  co r re la ted  with  the v igour  of the tree 
pr ior  to fe l l ing  (Satoo 1964).
As a l iv ing stump a g e s ,  a nnua l  growth normally  becom es  
con f ined  to a reas  above gra fted  r o o t s ,  g iv ing r i s e  to d isco n t in u o u s  
growth  r in g s .  This d e c r e a s e  in wood product ion  impl ies  a 
d im in ish in g  food supp ly  from the hos t  tree (Schultz and Woods  19 67) ,  
a s  a r e s u l t ,  p e rh a p s ,  of dec l in in g  root gra ft  func t ion .  However ,  
a s  many l iving s tum ps  have  surv ived  for ex ten d e d  per iods  with  
c o n t in u e d  production (Davidson 1963) s e n e s c e n c e  does  not appea r  
to be  the only fac to r  l imiting food supp ly .  S tud ies  of the  root 
s y s t e m s  of l iving s tumps revea l  tha t  a la rge  proportion of smal l  
f e e d e r  roots  d ie  soon  af te r  the t r e e ' s  c rown is removed (Bormann 
and Graham 1959 , Paw sey  1962 , Bormann 1966),  and in a 
q u a n t i t a t iv e  s tudy  of the root sy s tem  of w h i te  sp ru ce  (Picea  
g l a u c a ) , Grose  (1968) found tha t  the av e rag e  l iving s tump 
s e v e n  year s  a f te r  th inning car r ied  only  5 . 2 per c e n t  of the w e igh t  
of f ine  roots  on an a v e rag e  l iv ing  t r ee .  This i n d ic a te s  tha t  
ve ry  l i t t l e  of the food t ranspor ted  a c r o s s  a root gra ft  is  i n v e s t e d  
in to  fe e d e r  root m a in te n an c e  or primary root growth. W h i l s t
there  are e x ce p t io n s  to this  overa l l  t rend ,  the
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a b s e n c e  of f ine  roots  could  exp la in  the g radua l  d e c l in e  of l iv ing 
s tu m p s ,  for they  would tend to becom e moribund and d ie .
1 .5  P rac t ica l  im pl ica t ions  of root graf ts  .
Root fus ion  is so  profuse  in many tree s p e c i e s  tha t  trad i t iona l  
id e a s  of compet i t ion  should  be  modif ied (Kuntz and Riker 195 6, 
Cooper  1961, De Byle 1964). Bormann (1966) c o n s id e re d  tha t  " the  
d ev e lo p m en t  of a na tu ra l ly  occurr ing  whi te  pine s tand  is shaped  by 
two c o n t r a s t i n g  e co lo g ica l  fac to rs  (1) com pet i t ion  and (2) non­
co m p e t i t iv e  fo rces  governed  by  i n t e r - t r e e  food t r a n s lo c a t io n .  
C om pe t i t ion  o p e ra te s  to red u ce  the number of ind iv idua ls  and to 
i n c r e a s e  the volume of the env ironment  o c cu p ie d  by  eac h  ind iv idua l .  
The n o n -c o m p e t i t iv e  force ,  on the o the r  h a n d ,  c o u n te r a c t s  the 
e f f e c t s  of com pet i t ion  by de lay in g  the dea th  of in d iv id u a ls .  
C o m pe t i t ion  is the  more im por tant fo r ce " .  In ano ther  paper  however ,  
Bormann (19 62) i n d ic a te d  th a t  hormone t rans fe r  from a h o s t  tree 
cou ld  s e r i o u s l y  d i s ru p t  the p h ys io logy  of an a s s o c i a t e d  n on -v igo rous  
g raf ted  t ree ,  thus  con t r ibu t ing  to the e v en tu a l  dem ise  of the non-  
v igorous  t r e e ' s  crown.
In t imes of very  s ev e re  s t r e s s  it  has  b e en  s u g g e s t e d  tha t  a 
root g ra f ted  union cou ld  a c t  a s  a un i t  and t ranspo r t  s u b s t a n c e s  
from s tem  to s tem a long  ten s io n  and d i f fus ion  g rad ien ts  (De Byte 
1964, Bormann 1966).  While  i s o to p e  and dye  t r a n s lo c a t io n  s tu d ie s
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in d ic a te  such  movement to be  very  s lo w ,  work done wi th  in te r ­
twined roo t  s y s te m s  (Bormann 1959), and with  a r t i f i c i a l ly  root 
graf ted  s e e d l in g s  (F ischer  e t  a l .  1960) unde r  con t ro l led  c o n d i t io n s ,  
d e m o n s t ra t e s  tha t  w a te r  moves from a n o n - s t r e s s e d  p lan t  to a 
s t r e s s e d  p lan t  in s u f f ic ie n t  quan t i ty  to d e l a y  or even  preven t  death  
of the s t r e s s e d  p lan t .  S im ilar transference of s u b s t a n c e s  within  
root g ra f ted  un ions  could  ex p la in  why groups  co n ta in ing  dom inan t ,  
in te rm e d ia te ,  and s u p p r e s s e d  tr ees  p e r s i s t  in na t ive  and u n t re a ted  
fo re s t  s t a n d s ,  a s  normal com pet i t ive  fac to rs  would  be  e x p ec te d  to 
d i s ru p t  any  su ch  pa t te rn s  by  e l im ina t ing  the non -v igo rous  t rees  
p r e s e n t  (L aess le  1965 , Bormann 1966).
Few s tu d ie s  on the ro le  of root fu s io n  in in t e r s p ec i f i c  
com pe t i t ion  have  b een  c a r r ie d  out,  so  i t  is d i f f icu l t  to s ay  
w he the r  i t  is  b e n e f i c i a l ,  detr imenta l ,  or n e i th e r .  The b e l i e f  tha t  
roo t  fu s io n  does  a id  i n t e r s p e c i f i c  co m pet i t ion  has  led  many 
R uss ian  au thors  to recommend n e s t  p lan t in g  a s  a s tandard  
s i lv i c u l tu ra l  p r a c t i c e ,  bu t  Lanner (1963),  w h i le  rev iewing  per t inen t  
R u ss ian  l i t e r a tu re ,  ex p la in ed  the  p o l i t i c a l ,  r a the r  than the 
s c i e n t i f i c  r e a so n s  for this  b e l i e f ,  and co n c lu d e d  tha t  the  method 
had not fu l f i l led  i t s  e x p e c t a t i o n s .
It  h a s  long b e en  thought  tha t  roo t  fu s io n  in c r e a s e s  the
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s t a b i l i t y  of t rees  normally  su b je c te d  to wind throw (Rigg and 
Harrar 1931). In a s tudy  to de termine  the  r e s i s t a n c e  of t rees  to 
l a t e r a l  s t r e s s  on th ree  d i f fe ren t  s i t e s ,  M cC a v i sh  (19 67) c o n c lu d ed  
tha t  gra f t ing  and in te rw in ing  of root s y s t e m s  w as  r e s p o n s ib l e  for 
the i n c r e a s e d  s t a b i l i t y  o b se rv ed  on dr ie r  s i t e s ,  and not d eep e r  
and w ider  root sp read  as  w as  p rev ious ly  thought.  H e n c e ,  w here  
wind throw is  l i k e ly  to be  an impor tant  f a c to r ,  p lanting t e ch n iq u es  
which  encourage  root fus ion  should  be  p r a c t i s e d  (Graham and 
Bormann 19 66).
Graham and Bormann (19 66) have  co m p re h en s iv e ly  rev iew ed  
the l i t e ra tu re  on the p a th o lo g ica l  im p l ica t ions  of root gra ft ing so 
tha t ,  for the s a k e  of c o m p l e t e n e s s ,  only  broad  c o n s id e ra t io n s  wil l  
b e  covered  he re .  Some se r io u s  t ree  d i s e a s e s  are sp read  by  root 
gra fts  a n d / o r  root c o n ta c t s  e . g .  , du tch  elm d i s e a s e  (C e r a to s to m e l l a  
u l m i ) , oak w i l t  (C h a la ra  querc ina)  , root ro t  (Fomes annosus)  , and 
s h o e s t r in g  fungus  (Armellaria m e l l i a ) . An a w a r e n e s s  of the role  
root gra f ts  p lay  in the t r a n s m is s io n  of th e s e  d i s e a s e s  is  e s s e n t i a l  
before  e f fec t ive  con tro l  and e ra d ica t io n  m e asu re s  can  be  taken .
After a th inn ing ,  dead  s tumps  provide an id e a l  s u b s t r a t e  for 
Fomes a n n o su s  prior to a t t a c k  on l iv ing  root s y s t e m s .  Lanner
(1961) and Bormann (196]) s u g g e s t e d  tha t  s i n c e  l iv ing  s tumps
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ap p ea r  to be r e s i s t a n t  to fungal and i n s e c t  a t t a c k ,  the i r  format ion 
should  be enco u rag ed .  As this  is not a lw a y s  p o s s ib l e  Boyce (19 66) 
proposed an a l t e rn a t iv e  method involv ing  na tu ra l  a n t i b i o s i s .  If 
a s tand  is  innocu la ted  with  Peniophora  g ig a n te a  prior to th inn ing ,  
the fungus w il l  com pete  s u c c e s s f u l l y  with  Fomes a n n o su s  for 
a v a i l a b le  co lo n iz a t io n  s i t e s  and thus  r e s t r i c t  the sp read  of Fomes .  
W h i l s t  l iv ing  s tum ps  may provide some immunity in th is  p a r t i c u la r  
i n s t a n c e ,  it  shou ld  be  re a l i z e d  tha t  in many v a s c u l a r  d i s e a s e s ,  
co n n ec t io n s  wi th  o ther  root s y s te m s  sp read  the d i s e a s e ,  so  i t  
would be eq u a l ly  important to d i s c o u r a g e  root fus ion  or to s ev e r  
any  p re s en t ,  if the d i s e a s e  is  l o c a l i z e d .
Where  l igh tn ing  s t r ik e s  have  c a u s e d  a group of t rees  to die  
in qu ick  s u c c e s s i o n ,  th is  w a s  thought to be  due  to a root grafted  
union  r e a c t in g  a s  a p h y s io lo g ic a l  en t i ty  (Wichmann 1925). 
How ever ,  Minko (1966) p roposed  a m echan ism  of hor izon ta l  
s p a t i a l  d i s c h a r g e  where  the e l e c t r i c  charge  is d i s s i p a t e d  through­
out the crown canopy  of the t rees  invo lved .  C o n se q u e n t ly ,  he 
does  not c o n s id e r  tha t  root grafts  t ransm it  the charge  w i th in  the 
group.
There ha s  b een  c o n s id e ra b le  s p e c u l a t i o n  abou t  the  ro le  of
l iv ing  s tumps and root g raf ts  w i th in  a fo r e s t  s tan d  w i thou t  enough
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f a c tu a l  d a t a .  I t  w as  once  thought th a t  root gra fted  l iv ing  s tumps 
could  exp la in  the immedia te  r e s p o n s e  of some s p e c i e s  to th inning 
(Adams 1940, Lanner 1961) , bu t  more r e c e n t  q u a n t i t a t iv e  da ta  
in d ica te  tha t  l iving s tumps  fa i l  to in f luence  the he igh t  and rad ia l  
inc rem ent  of the tree pa r tne r  (Schultz 19 62, Holmsgaard  and 
Scharf f  1963, Bormann 1966). W here  growth r e s p o n s e s  have  
b een  ob ta ined  a f te r  th inn ing ,  they  c a n  u s u a l l y  be a t t r ibu ted  to 
an  improvement of env ironmenta l  co n d i t io n s  r e s u l t in g  from the 
removal of a nearby  com pet i to r  (Bormann 19 66).
1 .6  M ethods  of a s s e s s m e n t  of root g r a f t s .
(a) Root e x ca v a t io n  is  s t i l l  c o n s id e r e d  the m os t  e f f ic ien t  
means  of lo c a t in g  and e s t im a t in g  the number of root gra fts  with in  
a fo re s t  s tan d  (Mil le r and W oods  1965). This advantage is  o f f s e t  
by  the c o s t  and time invo lved  in any  s i z e a b l e  s tudy ,  a s  w e l l  as 
the g rea t  d e a l  of damage  c a u s e d  b y  p icks  and sh o v e ls  to the 
minor ro o ts .  In an effort  to overcome roo t  damage  M i l le r  and 
Woods  (19 65) u s ed  a garden trowel and  hand  c u l t iv a to r  in add i t ion  
to an ai r  c o m p re sso r  to b low so i l  aw ay  from fine ro o ts ,  bu t  th is  
method w as  s low  and in e f f ic ie n t  in a ny th ing  b u t  fa i r ly  dry,  s an d y  
so i l .
Hydraulic  e x ca v a t io n  of root s y s t e m s  appea rs  to have
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g r e a t e s t  p o te n t i a l .  On s u i t a b le  s i t e s ,  th is  method req u i re s  about  
a third of the time taken by  hand m e th o d s ,  i t  r e d u c e s  labour  c o s t s ,  
and p re s e rv e s  a g rea te r  propor tion of the f ine  roots  (Singer and 
Hutnik 1965 ) .  W herever  d ra in ag e  w a s  a d e q u a te ,  Schul tz  and 
Woods  (19 67) u s e d  w a te r  a t  75 p s i  to e x c a v a t e  roots  of lob lo l ly  
p ine .  They found heavy  s o i l s  n eed ed  lo o s e n in g  before  they  could  
be  e f f ic ien t ly  and e f fe c t iv e ly  removed by  w a te r .  A v a r ia t io n  of 
this method is  s u g g es te d  by Hel lmers  e t  a l .  (1955) who u sed  high 
and low p re s su re  n o z z l e s ,  the former for removing bulk  so i l  and 
the l a t t e r  for removing so i l  from around p la n t  roo ts .
(b) In a th inned f o r e s t ,  l iv ing  s tumps  provide v i s ib l e  
e v id en ce  of root gra fted  un ions  and a re  f r equen t ly  u s e d  to a s s e s s  
root graft  in c id e n c e .  Living s tum ps  are  im p o ss ib le  to d i s t i n g u i s h  
from dying s tumps immedia te ly  a f te r  fe l l ing  so  an ad eq u a te  time 
l a p s e ,  which w i l l  vary  from s p e c i e s  to s p e c i e s  and from lo c a t io n  
to l o c a t io n ,  is  required  before  d i f f e r en c es  becom e  ap p a ren t  
(Bormann 1961, Schul tz  and Woods  1967).  G e n e ra l ly ,  methods  of 
a s s e s s m e n t  e nsu re  the p r e s e n c e  of l iv ing  sapw ood  by  observ ing  
c a l l u s  t i s s u e  format ion (Schultz 1962),  or by  making a s e r i e s  of 
axe  c u t s  around the b a s e  of the s tump (Pawsey  1962).  C are  mus t  
be  taken  to c h e c k  the whole  s tump c i rc u m fe re n ce ,  a s  narrow
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Strips of l iv ing  sapwood may o th e rw ise  b e  m is se d  (Bormann 1961).
(c) Tracer t e ch n iq u es  invo lv ing  the u se  of i so to p e s  a n d /o r  
dy es  have  b e en  ex trem ely  v a lu a b le  in d e t e c t in g  root grafts  and in 
de te rm in ing  how they func t ion .  When the r e s u l t s  of su ch  s tu d ie s  
are in te rp re ted  however ,  three  c o n s id e ra t io n s  must be  borne  in 
mind. (1) The method by  w h ich  t r ace r s  are  in j e c ted  may a l te r  
the t r a n s lo c a t io n  pa tte rn  w i th in  a un ion .  (2) I t  is  a s su m e d  that  
the t ra ce r  wi l l  move through any e x i s t in g  root graf t  w h e rea s  some 
or a ll  of the fu s io n s  may be  nonfunc t iona l  a t  the  t ime of the 
exper im en t .  Thus a n e g a t iv e  r e s u l t  d o e s  not n e c e s s a r i l y  mean 
tha t  root gra fts  are  a b s e n t .  (3) The d e te c t io n  of t race r s  in 
r e c e p to r  t rees  is  no t  c o n c lu s iv e  e v id e n c e  of root graft  t r ans fe r ,  
for t r ace r s  have  b een  shown to move b e tw ee n  a d j a c e n t  nonfused  
ro o t s ,  through so i l  s o lu t io n ,  or even  through mutua l ly  shared  
fungal h y p h ae .
Dyes  commonly u s e d  in root graft  s tu d i e s  inc lude  ac id  
f u c h s i n ,  e o s i n ,  sa f ran in  O, and fluorochromium (Kuntz and 
Riker 1956, Bormann and Graham 1959, F i s c h e r  e t  a l . 1960).
No com para t ive  s tu d ie s  to de te rm ine  the b e s t  dye for th is  type 
of work have  been  ca r r ied  o u t ,  but ac id  fu ch s in  has  b e e n  u s ed
s u c c e s s f u l l y  in a v a r ie ty  of s p e c i e s .
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I so to p e s  s u i t a b le  for t racer  work in root grafted  un ions  are 
l imited  to those  which are  r e a d i ly  t ranspor ted  wi th in  the sapwood; 
they  m us t  produce ra d ia t io n s  d e t e c t a b l e  through s e v e ra l  in ch es  
of wood and bark ,  and they m us t  pose  a minimal h ea l th  hazard  by
hav ing  a shor t  ha lf  l i f e .  I so to p e  t race r s  m os t  commonly u s e d
3 2_ , 8 6_. , n 131 45 , 8 2 ^ , ^are P and Rb, whi le  I,  C a  and Br have  a l s o  been
131u s e d .  Graham (195 9) found tha t  I fa i led  to move in root
8 6 131grafted  whi te  pine s tumps w hen  Rb d id ,  s u g g e s t in g  tha t  I 
may not be  s u i t a b le  for u s e  in pine s p e c i e s .
I so to p e s  can  be d e t e c t e d  n o n - d e s t r u c t i v e l y , and therefore  
have  a marked a d v an ta g e  over dy es  but th is  is  o f f se t  by  the  
s o p h i s t i c a t e d  equ ipment  n e ed e d  for i s o to p e  d e t e c t io n .  Dyes 
l e a v e  a pe rm anen t ,  v i s i b l e  record  of the i r  t r a n s lo c a t io n  path 
which  may be  of impor tance  when the a c tu a l  p a t te rn s  of sapwood 
movement are  b e in g  s tu d i e d .  Perhaps  the  b e s t  te chn ique  
in co rpo ra te s  both  m e thods .  The co m para t ive  e f f ic ie n cy  of 
i s o to p e s  and dyes  in de te rm in ing  the p r e s e n c e  of root gra f ts  
a p p e a r s  to vary  wi th  the s p e c i e s  t r e a ted .  Bormann and Graham 
(1959) found both  types  of t r a ce r s  eq u a l ly  e f f ic ien t  in d e tec t in g  
majo r  root g r a f t s ,  but i s o to p e s  more e f f ic ie n t  in d e te c t in g  minor 
roo t  g ra f ts  in w hi te  p ine ,  w h e re a s  De Byle (19 64) rea ch e d
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o p p o s i t e  c o n c lu s io n s  u s in g  s im i la r  t r ace r s  in Populus t rem ulo ides .
In jec t io n  of a donor s tump or t ree  invo lves  cu t t ing  the  l iv ing  
sapw ood  and leav in g  the t race r  in c o n t a c t  with  i t  for a length  of 
t ime to a l low  ad eq u a te  ab so rp t io n  and t r a n s m is s io n .  In jec t ion  
methods  d if fer  w ide ly .  De Byle (1964) and M il le r  and Woods 
(19 65) c o n s id e r  tha t  in c i s io n  of the  l iv ing  sapwood should  be 
c a r r ie d  ou t  under  l iqu id  in order to avoid  a i r  embol ism,  but 
Bormann and Graham (1959) found th a t ,  provided  the period 
b e tw e e n  in c i s io n  and in jec t io n  is not too long ,  there  is  no 
s ig n i f i c a n t  d i f fe rence  b e tw ee n  the t r e a tm e n t s .  When maximum 
sapw ood  abso rp t ion  is  d e s i r e d ,  the  t r a c e r  may be app l ied  to the 
s u r f a c e  of a re c en t ly  c u t  s tump (Bormann and Graham 1959) or 
in to  a meta l  co l la r  c o n s t r u c te d  over s e v e r a l  sapwood in c i s io n s  
made around the c i rcum fe rence  of a l iv ing  s tump (Mil le r and 
W oods  19 65). If l o c a l i z e d  t race r  a p p l i c a t io n s  are  requ i red ,  
a lumin ium in je c t io n  tubes  wi th  a t t a c h e d  re s e rv o i r s  seem  idea l  
(Kozlowski e t  a l .  1967),  a l though  the i n s e r t io n  of sm al l  l a t e r a l  
ro o ts  in to  v ia l s  c o n ta in in g  the  t r a c e r  c a n  a l s o  be  qu i te  e f fec t ive  
(Kunz and Riker 195 6, Owston  and Smith 19 68).
(d) Where  s i l v i c i d e s  are  u s e d  to th in  a n d /o r  debark  a 
f o r e s t  s t a n d ,  v a lu a b le  informat ion on the i n c id e n c e  of root
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gra f t ing  can  be ob ta ined  by o b se rv in g  the amount of b a ck f l a s h  
which o c c u r s .  This method a s s u m e s  tha t  t rans fe r  from one tree 
to an o th e r  takes  p la ce  through root fu s ions  -  which is  u s u a l l y  
the c a s e  (Bormann and Graham 1959). I n jec t io n  methods  are  
l e s s  re f ined  than i so to p e  or dye in je c t io n  and c o n s i s t  of apply ing  
s i lv i c id e  to a number of axe  cu t s  made around the c i rcum fe rence  
of the t r e e .  C h em ica l s  w hich  move a c r o s s  root g ra f ts  inc lude  
va r ious  a r s e n i t e  p rep a ra t io n s  (Himelich and N e e ly  1962,
De Byle 1964),  2, 4, 5-T buty l e s t e r  and pic lo ram (Kimber 1967), 
ammonium su lpham ate  (Bormann and Graham 1959),  and copper  
s u lp h a t e  (Jones and Part r idge  19 61). It w as  p rev ious ly  thought 
tha t  some organ ic  compounds  (e .g . ,  p h e n o x y ac e t i c  compounds)  
were  no t  t rans fe r red  a c r o s s  root g ra f t s  (B isse t  and Shaw 1954) 
bu t  more r e c e n t  work s u g g e s t s  tha t  in some s p e c i e s  at  l e a s t  
movement  does  occur  (Fenton 1965, Kimber 1967).
(e) There is  an a s s o r tm e n t  of t e c h n iq u e s  u s e d  to i l l u s t r a t e  
root g ra f t  func t ion  and p r e s e n c e  which  c a n  be b road ly  c l a s s i f i e d  
a s  b io lo g ic a l  methods  b e c a u s e  of the  s u b s t a n c e s  or methods of 
d e t e c t io n  employed .  For exam ple ,  fungal spo res  which  are 
r e a d i ly  ca r r ied  in the t r a n s lo c a t io n  s t ream  of some t r ee s  may 
be  tagged  with  i s o to p e s  before  in jec t ion ;  the ir  s u b s e q u e n t
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p re s e n c e  in nearby  trees  in d ic a te s  the  p re s e n c e  of a t  l e a s t  one 
a c t iv e  roo t g ra f t .  W hile  th is  te ch n iq u e  is  very  lim ited  in its  
a p p l ic a t io n ,  b e c a u s e  of the s p e c i f ic  na tu re  of tree  d i s e a s e s ,  
Kuntz and Riker (1956) show ed c o n c lu s iv e ly  tha t  oak w il t  sp o res  
tagged  w ith  w ere  tran s fe rred  through roo t g ra fts  to
u n in fe c te d  t r e e s .
A b io lo g ic a l  method in co rp o ra t in g  a d if fe ren t  p r in c ip le  
w as  u s e d  s u c c e s s f u l ly  by F is c h e r  e t  a l . (1960). They in je c ted  
s t rep to m y c in  into one member of a pa ir  of a r t i f i c ia l ly  root 
g ra f ted  s e e d l in g s  and confirm ed t r a n s fe r  of the a n t ib io t ic  
through the  root graft by ca r ry in g  ou t a Bacillus s u b t i l i s  t e s t  on 
se g m e n ts  of the re c ep to r  t re e .  An u n tr ied  b io lo g ic a l  method 
w ith  p r a c t ic a l  im p lica t io n s  in v o lv e s  the  u s e  of s y s te m ic  
i n s e c t i c i d e s .  I n s e c t ic id e s  su ch  a s  Rogor 40 and E katin , w hich  
a re  ra p id ly  d is p e r se d  th roughout a t re e  in the  xylem  and phloem 
s t r e a m s ,  could  be te s te d  fo r , in n o n - in je c te d  t r e e s ,  by in s e c t  
a s s a y  te c h n iq u e s .  As there  would be  obv io u s  d if f ic u l t ie s  in 
a s s e s s i n g  the d e a th  of in s e c t s  in la rg e  t r e e s ,  th is  method may 
o n ly  h a v e  ex p er im en ta l  v a lu e  u n d e r  g la s s h o u s e  c o n d i t io n s .
1 .7  M eth o d s  of e x p re s s in g  the  in c id e n c e  of root g r a f t s .
The number of pa ram ete rs  u s e d  to e x p re s s  roo t graft
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in c id e n ce  l e s s e n s  the v a lu e  of many s t u d i e s  as  q u a n t i t a t iv e  
com par isons  with in  and b e tw ee n  s p e c i e s  c an n o t  be  made.  This 
cou ld  be overcome if au thors  in c luded  with  the ir  method of 
e x p re s s io n  c e r t a in  b a s i c  in format ion about  the s tand  being 
s tu d i e d .  For exam ple ,  the  a g e ,  s p a c i n g ,  s to ck in g ,  a rea ,  so il  
type and s i t e  index  of the sam ple  p lo t ,  to ge the r  with  i t s  p a s t  
s i lv i c u l tu ra l  h is to ry  are  requ ired  for ful l  e v a lu a t io n  of the d a ta .  
In the  following s e c t io n ,  the a d v a n ta g e s  and d i s a d v a n ta g e s  of 
i n d ic e s  most commonly employed  w i l l  b e  d i s c u s s e d .  Reasons  
for the index u s e d  in the exper im en ta l  par t  of th is  s tu d y  w i l l  be  
g iv en  in C h ap te r  2.
(a) The pe rcen tag e  of t rees  with  roo t  grafts:  the e x ac t  
number of root graf ts  p r e s e n t  in a fo re s t  s tan d  can  only  be 
de te rm ined  a c c u ra te ly  by com ple te  s i t e  e x ca v a t io n .  In most 
c a s e s ,  the  c o s t  and time invo lved  is unw arran ted  as  it is  
s u f f i c i e n t  to know the p e rc en ta g e  of l iv ing  t rees  gra fted  to 
o th e r  root  sy s te m s  (be they of l iv ing  t r ee s  or l iv ing  s tum ps) .  
T h e o re t ic a l ly ,  th is  information is b e s t  o b ta in ed  by  u s in g  
t r a c e r  t e chn iques  app l ied  to a s am ple  of randomly s e l e c t e d  
t r e e s  th roughou t  a s tan d .  If the  r e l i a b i l i t y  of th is  a s s e s s m e n t  
method improves ,  t h e re  is  no doub t  tha t  the  p e rc en ta g e  of
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t r e e s  with  roo t  grafts  would be the b e s t  index  to u s e .  In the m ean­
time,  how ever ,  other more e a s i l y  ob ta in ed  and more r e l i a b le  in d ic e s  
are  be ing  u s e d .
(b) Number of l iv ing  s tumps: in th inned  f o r e s t s ,  l iv ing
s tumps provide  v i s ib le  e v id en c e  of roo t  gra f ted  s y s t e m s ,  so  tha t  
coun ts  of l iv ing  s tumps h av e  b e en  inco rpo ra ted  into a number of 
in d ic e s  e x p r e s s in g  root graf t  i n c id e n c e .  All t h e s e  have  l im i ta t ions  
which  m us t  be  fully  u nde rs tood  before  the  d a ta  c a n  be  in te rp re ted .  
They do not t ak e  into a cc o u n t ,  (I) m ul t ip le  grafts  be tw een  l iving 
s tumps  and l iv ing  t r e e s ,  (2) s in g le  or m ul t ip le  grafts  b e tw een  
l iv ing  s tu m p s ,  or (3) s in g le  or mul t ip le  gra f ts  be tw een  l iv ing  t r e e s .  
For th e se  r e a s o n s  in d ice s  b a s e d  on co u n ts  of l iv ing s tumps normally 
u n d e re s t im a te  the  amount of root fu s io n  a c t u a l l y  p re s e n t .
One ind ex  of root f u s io n ,  u s in g  l iv ing  s tu m p s ,  is  the 
p e r c e n ta g e  of a l l  s tumps which  are  a l i v e .  Some idea  of the 
p e rc e n ta g e  of l iv ing  t rees  root g ra f ted ,  may b e  o b ta ined  with  th is  
index  in l ig h t ly  th inned s t a n d s ,  b u t  in medium to h e a v i ly  th inned 
s t a n d s  the  to ta l  number of s tum ps  i n c r e a s e s  ra p id ly ,  g iv ing  
g rea t ly  r e d u c ed  p e rc e n ta g e s  which  b e a r  no re l a t i o n s h ip  to the 
l iv ing  t r e e s  s t i l l  s t an d in g .  It c an  be  u s ed  to in d ic a te  q u a n t i t a t iv e  
d i f f e r e n c e s  b e tw e e n  s t a n d s  of the sam e or d i f fe ren t  s p e c i e s
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provided  tha t  a l l  plot information is  in c lu d e d .  Sim ilar l im ita t io n s  
ap p ly  w hen the number of l iv ing  s tum ps  per u n i t  a rea  is  d e te rm in ed , 
bu t th is  index  c a n  be u sed  m ean ing fu lly  to i l lu s t r a te  the in f lu en ce  
of s i t e  fac to rs  on l iv ing  stump in c id e n c e  (and p o s s ib ly  roo t g raft 
inc idence) in s im ila r ly  trea ted  s ta n d s  of the sam e s p e c i e s .
The number of liv ing  stum ps e x p re s s e d  a s  a p e rc en ta g e  of 
the number of l iv in g  t re e s  r e la te s  the  number of known fused  root 
s y s te m s  (living stumps) to the e x is t in g  liv ing  t re e s  and is th e re ­
fore more m eaningful than th o se  in d ic e s  w hich  do no t. In l ig h tly  
th inned  s ta n d s ,  the index w ill  u n d e re s t im a te  the  in c id e n c e  of 
roo t sy s te m  fu s io n s  a s  s u p p re s s e d  and  in te rm ed ia te  t re e s  are 
norm ally  rem oved and th e se  crown c l a s s e s  tend  to be  in freq u en tly  
roo t g ra f ted .  A lso , the  to ta l  number of s tum ps is  few re la t iv e  to 
the  to ta l  number of t r e e s .  Over the  in te rm ed ia te  range of th inn ings  
th is  index  shou ld  g ive  a good e s t im a te  of roo t sy s tem  fu s io n .  In 
very  h e av i ly  th inned  s tan d s  the index  may r i s e  above  100 per 
c e n t  in d ic a t in g  th a t  some liv ing  t re e s  have  more than one  
a s s o c i a t e d  l iv ing  s tum p. It shou ld  b e  r e a l i s e d  though , th a t  even  
w hen th is  index is  over 100 per c e n t  it  d o es  not m ean th a t  a ll  
l iv ing  t re e s  on a p lo t are fused  to o th e r  root s y s te m s .
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CHAPTER 2
THE INCIDENCE OF ROOT GRAFTING IN STANDS 
OF PINUS RADIATA IN THE A . C . T .
INTRODUCTION
Root graf t ing  is p reva len t  in r a d ia t a  p ine  fo r e s t s  (Adams 
1940, P aw sey  1962, Will  1966, Hol l ingworth  1967). In g e n e r a l ,  
the in c id e n c e  of root fus ion  a p p e a r s  to be  h ighe r  in r a d ia t a  pine  
than in m os t  o the r  tree  s p e c i e s ,  and ,  in some c a s e s ,  is  qui te  
e x c e p t io n a l .  For i n s t a n c e ,  W il l  (19 66) e s t im a te d  tha t  a l l  t r ee s  
in a n ine  y e a r  o ld ,  s i t e  q u a l i ty  I s t a n d ,  p lan ted  a t  6' x 6 ' ,  had  a t  
l e a s t  one in t r a s p e c i f i c  root graft .
Although Paw sey  (1962) s tu d ie d  the  in c id e n c e  of l iving 
s tumps in r a d ia t a  pine  aged  from 8 to 18 y e a r s ,  and found 
p o s i t iv e  c o r r e l a t io n s  b e tw ee n  root fu s ion  and  do m in an ce ,  s i t e  
q u a l i ty ,  s t o c k i n g  d e n s i t y ,  and s tan d  a g e ,  l i t t l e  da ta  are a v a i l a b l e  
on the age  a t  w h ich  root graft ing b e g i n s ,  i t s  o c cu r ren ce  through­
out a normal  ro ta t io n ,  and fac to rs  in f luenc ing  root graft  in c id e n ce .  
In th is  s e c t i o n ,  some information on th e se  q u e s t io n s  is  p r e s e n te d .
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MATERIALS AND METHODS
Twenty one p l o t s , cover ing  a ran g e  in s t a n d  age  from 8 to 
40 y e a r s ,  were examined  in the Stromlo and Uriarra  f o r e s t s ,  
A us t ra l ian  C a p i t a l  Terri tory.  The 8- to 19-year-o ld  s t an d s  in 
Compartments  49 and 50, Stromlo F o r e s t ,  were  m a in ta ined  by the 
A . C . T .  F o res ts  S e c t io n ,  D epar tment  of In te r ior .  The s tan d  
h i s to ry  of th e se  p lo ts  is  vag u e ,  a s  they  hav e  b e e n  g iven  routine  
t r ea tm en ts  s i n c e  the  t ime of e s t a b l i s h m e n t  w hen  they  were  
p lan ted  a t  a s p a c in g  of 5^'  x  5^'  or 6' x  6 ' .  I t  is  s u s p e c t e d  tha t  
they  have  been  unm erchan tab ly  th inned  s e v e r a l  t imes  (po ss ib ly  
-at a g es  7 and I I  years) with  the  f i r s t  commercia l  th inning a t  age 
17 y e a r s ,  when the s t an d in g  b a s a l  a rea  w as  r e d u ced  to 110-120 
sq u a re  f e e t  per  a c r e .  The remain ing  p lo ts  w ere  m a in ta ined  by the 
F o r e s t  Research  I n s t i t u t e ,  C an b e r r a ,  and p o s s e s s e d  comple te  
s t an d  h i s to r i e s  da t ing  b ack  to 1948. A summary of pe r t inen t  plot  
d a ta  i s  g iven  in Appendix B.
Living s tumps were  d e t e c t e d  by  making  s e v e r a l  a x e  cu ts  
around the c i rcum fe rence  of a s tum p,  to de te rm ine  the  p re s e n c e  
of l iv ing  sapw ood .  In young s t a n d s ,  l iv ing  s tum ps  cou ld  be  
d e t e c t e d  with  r e a s o n a b le  c e r t a in ty  some 6 to 8 months a f te r  
f e l l in g ,  w h i l s t  in o lde r  s t a n d s  1 to 1^ - y e a r s  w as  required  before
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drying sapw ood and d e c a y  en ab led  a p o s i t iv e  d is t in c t io n  to be  
m ade. All s tum ps w ith  any liv ing  sapw ood were c l a s s e d  a s  l iv e ,  
re g a rd le s s  of the  proportion  of l iv ing  sapw ood p re s e n t .  H ow ever, 
the lo c a t io n  maps iden tify ing  a l l  l iv in g  t rees  and s tum ps on each  
p lo t (Appendix C ) , show  the proportion  and o r ie n ta t io n  of live  
sapw ood on a l l  s tu m p s .
Three common in d ic e s  u sed  to e x p re s s  roo t graft in c id e n ce  
in fo res t  s t a n d s ,  nam ely , the  p e rc en ta g e  of a l l  s tum ps a l iv e ,  the 
number of l iv e  s tum ps as  a p e rc e n ta g e  of the number of l iv e  t r e e s ,  
and the number of l iv ing  stum ps per a c re ,  have  b een  c a lc u la te d  
for all p l o t s .
RESULTS
D ata  o b ta in ed  from the f ie ld  p lo ts  are  sum m arised  in 
Table  2 .1 ,  and l iv ing  stump in c id e n c e ,  e x p re s s e d  by  th ree  
in d ic e s ,  is  p lo t ted  in Figure 2 .1 .
Living stum ps w ere  n o t found in any  s ta n d s  younger than 
10 y e a r s .  In o ld e r  s ta n d s ,  the  in c id e n ce  of l iv in g  s tum ps varied  
c o n s id e ra b ly  w ith in  and b e tw ee n  p lo ts ,  a lthough  d i s t in c t  r e la t io n ­
sh ip s  w ith  s ta n d  ag e  w ere  a p p a ren t .  C le a r ly  the method of 
e x p re s s in g  l iv in g  stum p in c id e n ce  a l te r s  th e  p a tte rn  o b se rv ed .
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TABLE 2. I
Summary of da ta  from a l l  p lo ts  u s e d  to de te rm in e  
in c id e n ce  of root graft ing  from liv ing  stum ps 
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T S « /
LS/
acre
S tand ing  B.A. 
1967 ( s q . f t . )
8 5 0-g 5 7 'x5 7 ' VI-VII 1.5 950 1 1221 56 0. 1 0 .08 0 .68
9 4 9 - f 6' x 6' " 694 0 1124 62 0 .0 0. 0 0 .0
10 5 0 -f 5 q 'x 5 f 1 " 955 35 1022 52 3. 6 3. 4 23.3
11 4 9 -e 6' x 6' " 491 17 1327 73 3 .5 1. 28 11.3 (Vo +
12 5 0 -e 5-| ' x 5 j ' " 552 34 1619 74 6. 0 2. 1 22 .6
13 49-d " 0 .5 9 241 28 611 72 12. 0 4. 6 47 .5
14 5 0-d " 1.5 675 72 1496 69 11 .0 4. 8 4 8 .0
15 4 9 -c " " 581 66 1590 73 1 1 .0 4. 2 4 4 .0
17 4 9 -b 6' x 6' 0 .8 9 272 24 736 73 9 .0 3 .3 2 7 .0
19 4 9 -a " 1.5 490 118 1328 73 26. 0 8 .9 7 8 .6
25 140-1 8 ’ x 8' IV 0 .275 54 51 132 71 94 38. 7 185 160
" 140-3 " " 0 .2 4 2 61 24 100 62 39 24. 0 9 9 .4 212
" 140-4 " " 0 .217 66 23 92 58 35 2 5 .0 106 233
30 132-f 6' x 6' I I - I I I 0. 208 42 34 206 83 81 16. 5 163 209
" 13 2-3 9' x  9 1 0 .2 1 2 43 25 79 65 58 3 1 .7 118 221
34 5 1-a 9' x 9 1 V 0 .397 48 47 120 71 98 39. 1 118 167
" 5 1-b " " 0 .397 41 31 121 75 76 2 5 .6 78 141
40 48-1 1 2 'x l  2' V 0 .99 58 65 271 82 112 2 4 .0 6 5 .6 113
4 8 -2 " " 1 .0 72 50 25 7 78 69 19.5 5 0 .0 151
" 48-2* " " 0 .798 57 50 205 78 89 24. 4 62 .7
■ 48-3 » " 0 .9 7 49 43 280 85 88 15 .4 4 4 .4 115
•• 48-4 " 1 .02 65 39 264 80 60 14. 8 3 8 .2 155
" 48-4** " " 0.485 41 39 126 80 95 32. 0 8 0 .4
* = f ig u re s  co rrec ted  omitting a rea  of sh a l lo w  so i l
** = f ig u re s  co rrec ted  omitting a rea  occu p ied  by  d ra in a g e  path
SQ = s i t e  q u a l i ty
LTS = l iv ing  t rees
LSs = l iv ing  stum ps













































W hen e x p re s s e d  a s  a p e rcen tag e  of the to ta l  number of s tum ps on 
a p lo t ,  the  l iv ing  stumps show an ex p o n en t ia l  in c re a se  from the ir  
in i t ia t io n  a t  age 10 years  and  reach  a p la te au  a t  abou t age  25 years  
(Figure 2. 1(a)). W hen e x p re s se d  as  a p e rc en ta g e  of the  number of 
liv ing  t re e s  on the p lo t, the  liv ing  s tum ps co n t in u e  to in c re a s e  
e x p o n e n t ia l ly  up to a t  l e a s t  30 years  of age (Figure 2 .1 (b ) ) .  W hen 
e x p re s s e d  on a u n i t  a rea  b a s i s ,  the  num ber of l iv ing  stum ps show s 
a m arked optimum a t  abou t age 25 to 30 y e a r s .
DISCUSSION
D e sp i te  the  abundance  of l iv ing  s tum ps in Pinus ra d ia ta  
s ta n d s  th roughout the A . C . T . ,  d if f icu l ty  w a s  e x p e r ien ced  in 
e x p re s s in g  th is  in c id en ce  in a m eaningfu l m anner (Section 1 .7 ) .
The th ree  common param ete rs  u se d  in th is  s tu d y  show ed d if fe ren t  
r e la t io n s h ip s  over the age range  s tu d ie d  and , if v iew ed  u n c r i t ic a l ly ,  
cou ld  le a d  to v a s t l y  d if fe ren t  c o n c lu s io n s  rega rd ing  the f req u en cy  
of g rafted  roo t sy s te m s  in a g iven  p lo t .  If an index  is to have  
v a lu e  in e c o lo g ic a l  and s i lv ic u l tu ra l  w ork, i t  m ust b e a r  some 
re la t io n s h ip  to the liv ing  trees  p re s e n t  in a s ta n d .
On th is  b a s i s ,  the number of l iv in g  s tum ps e x p re s s e d  a s  a
p e rc e n ta g e  of the  number of liv ing  t re e s  may seem  the  b e s t  in d ex .
3 5 .
H ow ever, in the e a r ly  years  of s ta n d  d ev e lo p m en t,  w hen the to ta l  
num ber of s tum ps is  sm all r e la t iv e  to the  num ber of l iv ing  t r e e s ,  
th is  in d ex  w il l  a lm o s t  c e r ta in ly  u n d e re s t im a te  the  in c id e n c e  of 
ro o t  g ra f t in g .  In such  a s i tu a t io n ,  the  m o s t r e a l i s t i c  e s t im a te  of 
ro o t  g ra f t in g ,  a s  d educed  from liv in g  s tu m p s ,  is  l ik e ly  to b e  the 
num ber of l iv ing  s tum ps e x p re s s e d  a s  a p e rc en ta g e  of to ta l  s tu m p s . 
The in c id e n c e  of roo t g ra f t ing , de te rm in ed  in th is  w ay w ould , 
h o w ev er ,  be in f lu en ced  by the crow n c l a s s e s  of the  t re e s  removed 
a s  roo t g ra f t in g  is l ik e ly  to be l e s s  in the  s u p p re s s e d  and in te r ­
m ed ia te  crow n c l a s s e s  (Section  1 .3 ) .  As the  s ta n d  d e v e lo p s ,  
and more t r e e s  are  removed in th in n in g s ,  the to ta l  number of 
s tu m p s ,  r e la t iv e  to the  r e ta in e d  t r e e s ,  i n c r e a s e s  and the number 
of l iv e  s tum ps  e x p re s s e d  a s  a p e rc e n ta g e  of to ta l  s tum ps would 
u n d e re s t im a te  the  in c id e n ce  of roo t g ra f t in g .  At th is  tim e, the  
m o s t  r e a l i s t i c  e s t im a te  of roo t g ra f t ing  w ould  b e  g iven  by  the 
number of l iv in g  s tum ps e x p re s s e d  a s  a p e rc e n ta g e  of the  number 
of l iv e  t r e e s .
In th is  s tu d y ,  the number of l iv ing  s tum ps  a s  a p e rc en ta g e  
of l iv in g  t r e e s  w as  never l e s s  than  w hen e x p re s s e d  a s  a p e rc en ta g e  
of to ta l  s tu m p s ,  ev en  in the y o u n g e s t  s ta n d s  (F igs. 2. 1 (a) and 
(b)). This w as  a lm o s t  c e r ta in ly  due  to the  f a c t  th a t ,  in a l l  s ta n d s
e x am in ed ,  a t  l e a s t  50 per c e n t  of the  t re e s  had b een  removed in 
th in n in g s  (Table 2 .1 ) .  H en ce ,  th roughout th is  s tu d y ,  the m ost 
r e a l i s t i c  e s t im a te  of roo t grafting  is  p robab ly  the number of 
l iv in g  s tum ps e x p re s s e d  as  a p e rc en ta g e  of the number of liv ing  
t r e e s .
All of the in d ic e s  u se d  show ed an in c re a s e  in roo t g rafting  
w ith  in c re a s in g  age  of the  s ta n d s ,  a t  l e a s t  up to age  25 y e a r s .
This in c r e a s e  in roo t grafting  w ith  s ta n d  ag e  is  c o n s id e re d  to be 
a re a l  phenom enon b u t  i t  h a s  no t  b e e n  proved u n e q u iv o ca l ly  by  
the d a ta  p re s e n te d .  D irec t  proof re q u ire s  c h ec k in g  the age of 
roo t g ra f ts  from ring  c o u n ts .  This w as  no t do n e , bu t in d irec t  
e v id e n c e  th a t  roo t g ra ft ing  in c re a s e d  w ith  s ta n d  age is provided 
by the  f a c t  tha t  in the younger s ta n d s  (8 to 19 y ears  o ld ) , in 
w hich  up to 74 per c e n t  of the  o r ig in a l  t re e s  w ere  removed in 
th in n in g s ,  the am ount of root g ra f t in g ,  a s  e s t im a te d  from all 
th ree  in d ic e s ,  w as  m arkedly  l e s s  than  in o ld e r  s ta n d s  (Table 2. 1).
T h ese  r e s u l t s  in d ic a te  th a t ,  under the  p rev a il in g  env iron ­
m en ta l  c o n d i t io n s  in the s ta n d s  exam in ed , roo t g rafting  did  not 
o ccu r  u n ti l  the t r e e s  w ere  10 y e a rs  old and then  in c re a s e d  
m arked ly  u n ti l  a t  l e a s t  age 25 y e a r s .  In c o n t r a s t  to th is ,  W ill 
(1966) found a ll  r a d ia ta  pine t re e s  in a 9 -y e a r-o ld  SQ I s tan d  in
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New Zea land  had in t r a s p e c i f i c  root f u s io n s .
In the p lo ts  ex am ined ,  l iv in g  s tump in c id e n ce  va r ied  g rea t ly  
w i th in  and b e tw e e n  p lo ts  of the s am e  or s im i la r  a g e s .  In an 
a t t em p t  to find the r e a s o n s  for t h i s ,  s t a n d  h i s to r i e s  were  exam ined ,  
b u t  i t  w as  im p o s s ib le  to draw c o n s i s t e n t  r e l a t i o n s h ip s  b e tw ee n  
l iv ing  s tump in c id e n c e  and  im posed  s i lv i c u l tu ra l  t rea tm en ts  ( e . g . ,  
in i t i a l  s p a c in g ,  th inn ing ) .  For t h i s  r e a s o n  i t  is c o n s id e re d  tha t  
the  fac to rs  a f fec t ing  the o c c u r r e n c e  of l iv ing  s tumps in th e se  
s t a n d s  are  env i ronm enta l  ( e . g . ,  s i t e  q u a l i ty ,  so i l  factors ) and 
p h y s io lo g ic a l  (vigour ,  e x t e n t  of roo t  spread)  in na tu re  .
D i f f e ren ces  in s i t e  q u a l i ty ,  as  r e f l e c t e d  by  the  to ta l  volume of 
wood produced  in a p lo t ,  may have  co n t r ibu ted  s l ig h t ly  to the 
w i th in  and b e t w e e n  p lo t  v a r i a t io n .  Larger d i f f e r en c es  can  be 
a t t r ib u ted  to v a r i a t i o n s  in the  so i l  p ro f i le ,  for in Plot  4 ,  Com par t ­
m en t  4 8 Stromlo (Appendix C), the l in e  of dem arca t io n  b e tw ee n  
s o i l s  suppor t ing  l iv ing  s tum ps  and th o se  no t ,  co r re sp o n d ed  with 
a d ra in ag e  a rea  p a s s i n g  through th e  c en t r e  of the  plot .  Soil  
p ro f i les  o b s e r v e d  a c r o s s  the  a rea  r e v e a l e d  tha t  the  d ra in a g e  path 
had  a very  s h a l lo w  prof ile  with  a c l a y - r i c h  hor izon  a t  a dep th  of 
13 i n c h e s .  On e i th e r  s id e  of the  d ra in a g e  p a th ,  where  the  so i l s  
were  d e ep e r  and b e t t e r  d ra in e d ,  l i v in g  s tumps occur red  p ro fuse ly .
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In a number of o th e r  p lo ts  the  d is t in c t io n  w as  not so c le a r ,  b u t 
in v a r iab ly  a re a s  w here  few or no l iv in g  stum ps occu rred  had  
sh a llo w  s o i l s .  It would seem , th e re fo re ,  th a t  in ra d ia ta  p in e ,  
sh a llo w  s o i l s  in h ib it  l iv ing  s tum p su rv iv a l .  As th e se  r e s u l t s  
c o n f l ic t  w ith  th o se  reported  in the l i te ra tu re  (Section 1 . 3 (iii)), 
i t  is  f e l t  th a t  th is  w a rran ts  fu r ther in v e s t ig a t io n  a s  i t  may m ean 
th a t  roo t g rafts  a re  formed bu t the liv ing  trees  are no t ab le  to 
su pport  a s s o c ia te d  liv ing  s tum ps w hen  the c o n d it io n s  becom e 
a d v e r se .
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CHAPTER 3
VERIFICATION OF ROOT GRAFTS AND MOVEMENT OF 
SUBSTANCES THROUGH GRAFTED UNIONS
INTRODUCTION
R ela t ive ly  l i t t l e  work h a s  b e en  done on the  root sy s tem s  
of Pinus r ad ia ta  . However ,  the major i ty  of roots  are known to be 
c o n c e n t r a t e d  wi th in  18 inches  of the  so i l  su r face  (L indsay 1932, 
Bowen 1964, Will  19 66, Raupach 1967); but where  s o i l s  are s u i t ­
a b l e ,  tap  roots  may pene t ra te  to dep ths  of 10 to 12 f e e t  producing 
sy s te m s  of f ine  roots  a t  vary ing  d ep th s  (Pryor 1937, Wil l  1966). 
These  d e e p  roots  con tr ibu te  a s ig n i f i c a n t  proport ion of w a te r  and 
n u t r ien ts  to the  tree only in t imes  of s t r e s s  in the  upper  so i l  lay e r s  
(Tiller 1957, Bowen 1964). Normal v e r t i c a l  root deve lopm ent  is 
a l t e red  by  chem ica l  or p h y s ica l  so i l  ba r r ie r s  su ch  a s  high s a l i n i t y ,  
poor a e r a t io n ,  or com pac ted  c l a y  l a y e r s  (Atkinson 1959, Bowen 
1964, Raupach 1967).
W ith  th is  type of rooting h a b i t ,  i t  is  not su rp r is ing  tha t  
the major i ty  of root fus ions  occu r  in the  top  18 in ch es  of so i l  (Adams
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1940,  Wil l  1966). In the work d e s c r ib e d  here ,  s ev e ra l  r a d ia ta  pine 
root s y s t e m s  were  e x c a v a te d  to o b se rv e  the p a t te rn s  of root d i s ­
t r ib u t io n ,  the occu r rence  of root g r a f t s ,  and to veri fy  tha t  l iv ing  
s tu m p s  are gra fted  to l iv ing t r e e s .
In add i t io n ,  t r a c e r  s u b s t a n c e s  were  in jec ted  into 
e x p o s e d  and u n ex p o se d  root graf ted  s y s te m s  in order to s tudy  the 
p a t t e rn s  of t race r  movement,  the f ac to r s  which  modify t h e se  
p a t t e r n s ,  and to a s c e r t a i n  the e f f e c t i v e n e s s  of t race r s  in d e te c t in g  
the  p r e s e n c e  of root grafts  in the f i e ld .
MATERIALS AND METHODS
The a rea  e x c a v a t e d  w as  l o c a t e d  in Compartment 62,  
Stromlo F o re s t ,  A . C . T .  I t  w as  p lan ted  a t  an  8' x 8' s p ac in g  in 
1941 ( 2 7 - y e a r s - o l d  a t  time of study) on a s andy  a l luv ia l  so i l  with  
a com p ac ted  l a y e r  of s an d ,  co f fee  ro c k ,  and c l a y  b e tw e e n  18 and 
24 in c h es  d e p th .  The s tand  w a s  c l a s s e d  as  s i t e  q u a l i ty  V and had 
b e e n  l igh t ly  th inned  four t imes  (in y e a r s  5 3 /5 4 ,  5 5 / 5 6 ,  5 6 /5 7 ,  
59 /60)  to i t s  p r e s e n t  s tock ing  of 17 8 s tem s  per a c r e .  The s tudy  
w a s  car r ied  ou t  dur ing  September  and  O ctober  19 68, when 
tem p e ra tu res  ranged  be tw een  a maximum of 8 2 .4 ° F  and a minimum 
of 2 8 .8 ° F  wi th  a mean  maximum of 5 9 .5 ° F  and a m ean  minimum of
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3 5 . 8 ° F .  A to ta l  of 2 .65  inches  of ra in  fe ll  during the s tudy  per iod ,  
and  w h i le  the to ta l  ra in fa ll  for the y e a r  w a s  be low  a v e rag e ,  the 
drought s t r e s s  throughout the s tudy was  s l ig h t .
The l i t te r  layer  and topso i l  were  removed us ing  a rake 
and  s h o v e l  unti l  roots  were  encounte red; the  so i l  w as  then loosened  
with  a ga rden  fork and removed by w a te r  pumped a t  75 to 10Ö psi  
from a fire tanker .  This trea tm ent pa r t i a l ly  e x p o se d  the root 
s y s te m s  of three l iv ing trees  and four a s s o c i a t e d  l iv ing  stumps to 
an  a v e rag e  depth  of 18 inches  (Figure 3 . 1 ) .  All ho r izon ta l  roots  
down to a d iam e te r  of 2mm were p re se rv e d .  Although tap  and 
s in k e r  roots  p roceeded  below the dep th  e x c a v a t e d  (pa ss ing  through 
the co m pac ted  so i l  horizon) t h e se  were  n e g le c t e d  a s  i t  w a s  con ­
s ide red  tha t  the  c h an c e  of the ir  forming in t r a s p e c i f i c  root grafts  
w as  s l ig h t .
In order to observe  the t r a n s lo c a t io n  p a t te rn s  of
i so to p e s  w i th in  root grafted s y s t e m s ,  s ix  in jec t io n  po in ts  in and
8 6around the e x ca v a t io n  s i te  were s e l e c t e d .  Rb was  c h o s e n  a s  a 
su i t a b le  t racer  b e c a u s e  it is read i ly  t ranspo r ted  in the  sapwood of 
t r e e s ,  it  is  a s t rong emit te r  of gamma r a y s ,  and it has  a short  half  
l i fe  of 18 .7  days  (Graham 1959).
Prior to in jec t io n ,  a meta l  cup  w as  firmly a t t a ch e d  to
4 2 .
FIGURE 3-1








a sh av e d  reg ion  n ea r  the  b a s e  of a t ree  or s tump and s e a l e d  with a
w aterproof  cau lk ing  compound.  W hen  the in jec t io n  was  in to  the
bo le  of a l ive  t r e e ,  two saw  c u ts  were  made a sho r t  d i s t a n c e  above
the  in j e c t io n  poin t to reduce  the  t r a n sp i ra t io n a l  pull upw ards .  The
cup  was  then  fi l led  with  1% KC1 s o lu t io n  under  which  a half  inch
c h i s e l  cu t  w as  made into the sap w o o d ,  be fore  adding  0 .5  m il l i -  
8 6c u r ie s  of Rb. As soon a s  the so lu t ion  had  b e e n  a b so r b e d ,  a
re se rv o i r  con ta in in g  1% KC1 c a r r i e r  so lu t ion  was  s e t  up to cover
the  cu t  wi th  so lu t ion  c o n t in u a l ly  (Plate 3 . 1 ) .
Por tab le  t r a n s i s t o r i z e d  equ ipm en t ,  c o n s i s t i n g  of an
A . A . E . C .  r a tem e te r  Type 59A with  a l e ad  s h ie ld ed  Nal s c in t i l l a t i o n
probe ,  am A .A . E . C .  s c a l e r  Type 60, and a three  inch graphic
reco rde r ,  w as  u s e d  to monitor the  r a d ia t io n  a t  va ry ing  d i s t a n c e s
from e ac h  in je c t io n  poin t to de te rm ine  background  ra d ia t io n ,  and
to a s s e s s  i so to p e  d i s t r ib u t io n  in t ime and s p a c e .
For c o m p ar i so n ,  a so lu t io n  of ac id  fu ch s in  (1% w/v)
w as  in je c te d  into th ree  ad d i t io n a l  l iv ing  s tu m p s .  At two of the
i so tope  in je c t io n  p o in t s ,  the KC1 s o lu t io n  w a s  r e p l a c e d  by  acid
fu ch s in  s e v e r a l  d a y s  af te r  in jec t io n  in the hope tha t  the dye
8 6would t race  out a s im i la r  path to tha t  of Rb, and would thus 
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root s y s t e m .  As dye d e te c t io n  n e c e s s i t a t e d  d e s t r u c t i o n  of the 
roots  invo lved ,  a s s e s s m e n t  w as  le f t  un t i l  i so tope  monitoring and 
d e sc r ip t i o n  of the root s y s te m s  w ere  co m p le te .
RESULTS
(i) Root d i s t r ib u t io n :
All majo r  l a t e r a l s  and a s s o c i a t e d  fine  roots  with in  a 
rad ius  of three  to four f e e t  around e a c h  s tump were  conf ined  to the 
su r face  0-12  i n c h e s .  Beyond th is  d i s t a n c e ,  the  l a t e r a l s  tapered  
off and pen e t ra ted  to g rea te r  d ep ths  (to the  top of the com pac ted  
l ay e r  in some c a s e s )  , and the  sm al l  roo ts  b ecam e  more even ly  
d is t r ib u ted  throughout  the upper part  of the  so i l  p rof i le .  The 
rad ia l  sp read  of any  of the root s y s t e m s  w as  not de te rm ined  as 
most roots ex tended  beyond the e x c a v a t e d  a r e a .  Each root 
sy s tem  p o s s e s s e d  be tw een  one and four tap roots  as we l l  as  
s ev e ra l  sm al le r  s in k e r  roots  o r ig ina t ing  from major l a t e r a l s .  Some 
of th e se  v e r t i c a l  roo ts  p a s s e d  through the com pac ted  l a y e r  but the 
dep th  to which  they  p en e t r a ted  w as  not d e te rm ined .  All the l iv ing 
s tumps  in the e x c a v a t e d  a rea  had l iv ing  t i s s u e  around their  
c i rcum fe rences  e v e n  though s e v e ra l  minor l a t e r a l s  on e a c h  s tump
had d ied .
46.
(ii) Root grafts°
The ex p o se d  root s y s te m s  re v e a le d  many s e l f  graft s  
and ten in t r a sp ec i f i c  root g r a f t s ,  f ive  of w h ich  were  a s s o c i a t e d  
with  the one l iv ing stump (Figure 3 .  2 shows nine of th e s e  g r a f t s ) . 
Each l iv ing s tump had  a t  l e a s t  one root graf ted  to a l iv ing  tr ee ,  
w h e rea s  dead  stumps were  not o b se rv ed  to have  any  gra f ts  to 
l iv ing  t r e e s ,  The so i l  dep ths  a t  which  g raf ts  occur red  var ied  
from 1 to 14 inches  (mean dep th  9 in c h e s ) ,  w h i l s t  the  d iam e te r s  
of fused  roots ranged from 0 .3  in c h e s  to 3 .5  inches  (mean 
d iam e te r  1. 2 i n c h e s ) , The graf ted  roots  were  n ever  com parab le  in 
s i z e ,  and s ix  of the grafts  were  fu sed  d i r e c t ly  to the  bu t t  of a 
l iv ing  stump or l iv ing  t ree .  The roo t  gra fts  were  not formed pre ­
fe re n t ia l ly  on the s ide  of the  s tump fac ing  the  a s s o c i a t e d  root 
s y s te m ,
(iii) Anatomy of root gra f ts  and l iv ing  stumps:
Severa l  graft s  ob ta ined  from the e x c a v a t io n  s i t e  were
s e c t io n e d  to observe  the v a s c u l a r  deve lopm en t  with in  na tu ra l  root 
g r a f t s .  C on t inuous  t rache id  d eve lopm en t  w as  b e s t  formed 
be tw een  those  reg ions  of the roots  which  were  a l igned  roughly  
in i t i a l ly .  Rough in i t ia l  a l ignment  c a n  be found even  in roots  
which  c ro s s  a t  r ight a n g l e s ,  and in the  graft  i l l u s t r a t e d  in
FIGURE 3*2 DETAILED MAP OF THE EXCAVATED ROOT SYSTEMS 
SHOWING MAJOR ROOTS, ROOT GRAFTS (► )  ,
INJECTION POINTS ------0 > t  AND MONITORING
POSITIONS (2B  and 2D ), SECTIONS MADE AT 
POINTS 2A -*>2E (see  PLATE 3 -2 ) .
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Pla te  3.3(b) , t r a che id  co n t inu i ty  is b e s t  deve loped  on the top le f t  
hand s ide  and bottom righ t  hand s id e .  With in  th is  con t inuous  
t i s s u e  b e tw ee n  the two ro o ts ,  growth r ings  may be s e e n .  W hile  
such  rings might give the e x a c t  age  and d a te  of formation of root 
g r a f t s ,  it  is  fe l t  tha t  c au t io n  should  be e x e r c i s e d  un t i l  i t  is shown 
c o n c lu s iv e ly  tha t  new t i s s u e  is  la id  down each  y ea r .  In a 
number of the g ra f t s ,  a reg ion  of inc luded bark  w as  found a t  the 
c o n ta c t  zone b e tw e e n  the two ro o t s .  Pla te  3.3(b) shows a smal l  
por tion  of in c luded  bark  a t  the c o n ta c t  zone .  The p re s en c e  of 
bark  a t  t h e s e  reg ions  tends  to suppor t  Graham and Bormann's 
(1966) b e l i e f  tha t  root grafts  are  not in i t i a ted  a f te r  wind move­
ment  has  ab raded  the bark b e tw ee n  con t iguous  roots  (Cook and 
W elch  1957).
The ana tom y of Pinus rad ia ta  l iv ing s tum ps  w as  s im i la r  
to th a t  of s tumps of Pinus s t robus  as d e sc r ib e d  by  Bormann (19 66) . 
The l a t e s t  formed t i s s u e s  were  com pr ised  of d i s o rg a n i s e d  shor t  
t r a c h e id s  la id  down in s w i r l - l i k e  p a t t e r n s .  Only in a few 
in s t a n c e s  were  con t inuous  or d i s c o n t in u o u s  growth rings d i s c e r n ­
ib le  as  m os t  of the  newly  formed t i s s u e  was of uniform tex tu re .
This preven ted  an  a c c u ra te  v i s u a l  e s t im a t io n  of the l iv ing  s tum p 's
a g e .
(iv) Movement of i s o to p e s  and d y e s :
(a) From l ive  tree to l iving s tum ps  v ia  an exposed
8 6
graf t .  ' Rb was  in je c ted  into the bo le  of l ive  tree 1 (Figure 3 . 2 ) ,  
which w as  c o n n ec ted  to l iv ing  s tump 5 v ia  an e x p o se d  root graft ,  
to de termine  w he ther  the  t r a ce r  would  move into and a c r o s s  the 
g raf t .  Some downward movement  into the  g raf ted  root d id  occur  
bu t  c e a s e d  a t  a d i s t a n c e  of abou t  3 f e e t  from the b a s e  of the t ree .  
No t race r  r each ed  the graf t  un ion .
In sp i te  of the saw  c u t s  in the bo le  above the in jec t ion  
po in t ,  d e t e c t a b l e  amounts  of i so to p e  moved up the bo le .
(b) From l iv ing  s tumps  to l ive  t r e e s .  One i so tope  
in je c t io n  w as  made into  a s tump p o s s e s s i n g  gra fts  to two l ive  
t rees  (Stump 2, Figure 3 , 2 ) .  One of t h e s e  t rees  (Tree 1, Figure 
3.2)  was  a v igorous  dom inan t ,  whilst  the other (Tree 3), a l though 
large,  w as  in poor h e a l t h .  Tracer moved into both  root grafted 
sy s te m s  and was  followed to the  b a s e  of both  l ive  t r e e s .  No 
movement up e i the r  s tem w as  d e t e c t e d .  In i t ia l  t r a n s lo ca t io n  
r a t e s  of i so tope  were  m easu re d  a s  9 ,8  in c h es  per hour (after f ive 
hours) a long the root l e ad ing  to tree 1, and 5 .4  inches  per  hour 
( a f t e r  12 hours) a long  the root l e ad ing  to tree 3 (Figure 3 . 3 ) .



























































































































PLATE 3-2 DYE PATTERN IN ROOTS ON EITHER SIDE OF 
LIVING STUMP (2) IN FIGURE (3 -2 ) .  ARROWS 
DENOTE UPPER SIDE OF ROOT. DYE INKED 
OVER FOR ILLUSTRATION .
5 2 .
c a r r i e r  so lu t ion  was  rep laced  by a con t in u o u s  sup p ly  of ac id  
fuchs  in,  and the whole  root sy s tem  was  d e s t r u c t i v e ly  sampled  
a f te r  a further four w e e k s ,  Dye moved only  into the  two roots 
known to be g ra f ted ,  and the dye p a t t e r n s ,  a t  i n c re a s in g  d i s t a n c e s  
on both s id e s  of the in jec t ion  poin t,  are  shown in Pla te  3 . 2 .  In 
both  c a s e s ,  the  dye tended  to c o n c e n t r a t e  on the  lower  s id e  of 
the  la rge r  ro o ts .  This portion of the  l a rger  roots  was growing 
more a c t iv e ly  as  ev id en ced  by the  asym m etr ic  growth r in g s .  In 
the  sm a l le r  parts  of the  roots  more d i s t a n t  from the in jec t ion  poin t ,  
both growth and  dye movement appea red  to be  more even ly  
d i s t r i b u t e d .
Acid fu c h s in  was  a l so  in je c ted  into  l iv ing  stump 5 
(Figure 3, 2) d i r e c t ly  above the  root fu sed  to the root sy s tem  of 
l iv ing  tree  1. W hen  the roots  were  exam ined  7 2 hours  l a t e r ,  
dye  had moved th rough the root graft  into the l ive  tree  a t  an 
average  v e lo c i ty  of a t  l e a s t  1. 7 in ch es  per  hour.  The dye  pa t te rn  
a t  the c o n ta c t  zone  b e tw ee n  the two roo ts  is shown in Plate 3 . 3 .
I so to p e  w as  in jec ted  in to  a l iv ing  s tump (5A, Figure 
3.4) in an u n e x c a v a te d  portion of the  s tan d  in a n t i c ip a t io n  of i t s  
movement to the  c l o s e s t  l iv ing tree 5B. After nine d a y s ,  a 
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o b se rv ed  (Figure 3.5) s u g g e s t in g  th a t  s tump 5A was  graf ted  to 
l iv ing  tree  5G via  s tump 5F. The b a s e  of l iv ing  tree 5G w as  
co n t in u o u s ly  moni to red  for 35 days  w i thou t  showing a s ig n i f i c a n t  
i n c r e a s e  over the background  r a d ia t io n .  It was  only  fo llowing 
in jec t io n  of ac id  fuchs  in e ig h t  d a y s  a f te r  the in i t i a l  i so to p e  
in je c t io n ,  and e x c a v a t io n  of the roots  38 days  l a t e r ,  tha t  the  path 
of movement from stump 5A v ia  s tump 5F to tree 5G w a s  e s t a b ­
l i s h e d  c o n c lu s iv e ly .  The dye  s t r e a k  en te r ing  the b a s e  of tree 
5G was  d eep ly  em bedded  in the bo le  and th is  may have  b e e n  the  
c a u s e  of fa i lu re  to d e t e c t  the i s o to p e .
Living s tump 7 (Figure 3.2) w as  in jec ted  wi th  ac id  
fuchs in  on the s id e  fac ing  s tump 5 with  the  e x p e c ta t io n  of m ove­
ment  a c r o s s  the  g raf t  co n n ec t in g  the two s tu m p s .  Roots were  
s e c t io n e d  29 days  a f te r  the s t a r t  of t rea tm en t  and ,  a l though  dye 
had  moved into  a number of l a t e r a l s ,  inc lud ing  t h a t  c o n n e c t in g  
the  two s tu m p s ,  no dye moved a c r o s s  the gra ft .  This s i tu a t io n  
di ffered  from tha t  d e s c r ib e d  p rev io u s ly  even  though s tump 7 w a s  
co n n ec te d  v ia  s tump 5 to l iv ing t ree  1. In th is  i n s t a n c e ,  s tump 
7 was  a l s o  graf ted  to l iv ing  tree  4 and the main movement of dye  
w as  around the b a s e  of the s tump into a root gra fted  to  tree 4.
(c) From l ive  tree  to l ive  t r e e . In je c t io n s  of i so to p e
5 7 .
were  made into  four l ive  t rees  (two dominant  and two supp ressed )  
with u n ex p o sed  root  s y s t e m s .  All surrounding  l ive  t r e e s  and 
s tumps  were monitored for 35 d a y s  bu t ,  in no c a s e ,  w as  movement 
of i so to p e  d e t e c t e d .
(d) Uptake and movement through a s ev e re d  r o o t .
The ab i l i ty  of l iv ing  tree 1 (Figure 3.2) to draw on the whole  
root sy s tem  of stump 5 w as  exam ined  by sev e r in g  a sm al l  root 
e igh t  f e e t  from the  b a s e  of s tump 5 on the  s id e  fu r th e s t  from 
tree  1. The s ev e re d  root w as  p la ce d  immedia te ly  in a so lu t ion  
of ac id  fu c h s in .  After 7 2 h o u rs ,  dye had moved a t  l e a s t  16 
fee t  (average  v e lo c i ty  2 .7  in c h es  per hour) into the b a s e  of l iving 
t ree  1.
DISCUSSION
D e s p i t e  abundan t  root over lap  in the e x c a v a t io n  s i t e ,  
the  number of i n t r a s p e c i f i c  root gra fts  d e t e c t e d  was  fewer  than 
w as  a n t i c ip a t e d .  This pau c i ty  of root fu s io n  may be a t t r ibu ted  
e i th e r  to root in c om pa t ib i l i ty  or to root t ip  a v o id a n c e  of o ther  
roots  (Wendelken 1955),  As there  w as  only  one i n s t a n c e  where  
roots  were  in t im a te ly  en m esh ed  but not f u s e d ,  i t  would  seem  that 
incom pa t ib i l i ty  is  no t  the r e a s o n  for the  la ck  of fu s ion  on this
5 8 .
s i t e .  Therefore ,  root tip a v o id an ce  r e s u l t in g  from so i l  w a te r  
e x h a u s t io n  a n d /o r  root e x u d a te s  would be the mos t  p l a u s ib le  
e x p lan a t io n  unti l  s u b s e q u e n t  rad ia l  growth a l lowed  the roots  to 
make c o n ta c t .  As the  h i g h e s t  c o n c e n t r a t io n  of r a d ia l ly  expanding  
roots  w a s  im media te ly  around the  bu t t  of a t r e e ,  i t  is not s u rp r i s ­
ing th a t  th is  w as  the  reg ion  in which the  in c id en ce  of root fus ion  
w as  g r e a t e s t .
8 6The r e s u l t s  of the t r a c e r  s t u d i e s  show tha t  Rb and 
ac id  fu c h s in  will  move a c r o s s  root g r a f t s ,  and can  be v a lu ab le  
tools  in s tu d ie s  of roo t  g ra f t ing .  However ,  s e r io u s  l im i ta t ions  
in the u s e  of th e s e  s u b s t a n c e s  were  a l s o  appa ren t .
Where  l iv ing  s tumps were i n j e c te d  with  i so to p e  or 
d y e ,  the t ra ce r  moved from the  donor s tump to the  r e c e p t iv e  l ive  
t re e ,  dem ons t ra t ing  the  a b i l i ty  of l ive  t rees  to draw on the  root 
s y s te m s  of c o n n e c te d  l iv ing  s tu m p s .  This movement occurred  
over c o n s id e ra b le  d i s t a n c e s ,  through g raf ts  of va r ious  s i z e s ,  
and in one i n s t a n c e ,  v ia  an in te rm ed ia ry  s tum p.  However ,  
i so tope  could  not be d e t e c t e d  in all  roots  into  which  i t  had 
p a s s e d ,  a t  l e a s t  with  the  l e v e l s  of i so tope  a c t iv i ty  and  the 
equ ipment  u s e d  h e r e .
M ovem ent  of t r a ce r  from a l iving s tump to a l ive  t ree
59 .
h a s  b een  a t t r ibu ted  to the t r a n s p i r a t io n a l  pull  of the  r e c e p to r  tree 
(Schultz and Woods 19 67) . High t r a n s lo c a t io n  r a t e s  c a n  only 
be  ex p la in ed  by th is  theory ,  bu t  it is  f e l t  th a t  where  t r ace r s  
move s low ly ,  and pa r t i cu la r ly  where  they  p a s s  through two or 
more l iv ing stump root s y s t e m s ,  root p r e s su re  may a cc o u n t  for a 
s ig n i f i c a n t  proport ion of the  t r a n s lo c a t e d  m a te r ia l .
In no c a s e  were  t r a c e r s  d e t e c t e d  moving from a l ive  
t ree  to a l iv ing  s tump,  or from a l ive  t ree  to ano ther  l ive  tr ee .  In 
some of th e se  c a s e s  root  g ra f t s  were  known to be  p re s e n t  and 
func tiona l;  in o the rs  the i r  p r e s e n c e  w a s  only  in fe r red ,  but 
the i r  comple te  a b s e n c e  w as  u n l ik e ly .  G iven  the  p r e s e n c e  of 
root g r a f t s , l a ck  of movement could  be due to e i th e r  or both  the 
fo llowing c a u s e s .
It  may be  tha t  movement a c r o s s  the  root graf t  under 
the  cond i t ions  preva i l ing  in th is  s tudy  requ ired  a to ta l  r e l i a n c e  
on the  t r a n s p i r a t io n a l  pull from one t ree ,  as  is  the c a s e  where  
a l iv ing s tump is gra fted  to a l ive  t r e e .  Where the  t r a n s p i r a ­
t iona l  pull is  d iv ided  b e tw ee n  two t r e e s ,  the recep to r  tree  can  
not overcome the requ irem ent  of the in jec ted  t ree  (Bormann 1966). 
P o s s ib ly  under  d i f fe ren t  co n d i t io n s  a s ,  for ex am p le ,  a t  t im es  of 
g rea te r  env ironm enta l  s t r e s s ,  th is  s i tu a t io n  may not h o ld ,  but
6 0 .
the re  w as  no ev id en c e  of one t ree  p a r a s i t i z in g  ano ther  in this  
s tu d y .
A l te rna t ive ly ,  the a p p a r en t  l a c k  of movement from
l iv e  t ree  to e i the r  a l iv ing  s tump or a n o th e r  l iv ing  tree  may
8 6r e s u l t  from the type of t race r  i n j e c t e d .  Rb, an inorganic  
e l e m e n t ,  would  be e x p e c te d  to move in the  xylem and be c o n ­
t ro l led  by t r an sp i ra t io n .  To ob ta in  downward movement,  i t  may 
be  n e c e s s a r y  to u s e  a t race r  which  would  move r e a d i ly  in the  
phloem, such  as  a l a b e l l e d  o rgan ic  m o le c u le .
The t r a n s lo c a t io n  ra te s  o b se rv ed  in th is  s tu d y  
ranged  from 2 to 10 inches  pe r  hour,  fa l l ing  w i th in  the lower  
range  of t r a n s lo c a t io n  r a t e s ’ o b s e r v e d  by Schu l tz  and Woods 
(1967) in Pinus t a e d a . D i f fe rences  in r a te  m a y b e  c o n t ro l le d ,  a t  
l e a s t  to some e x t e n t  by env ironm enta l  fa c to rs  a t  the  t ime of 
s tu d y .  The r e s u l t s  do show  the a b i l i ty  of one  tree to u t i l i z e  
the  roo t  sy s te m  of ano ther  s tump and s u g g e s t  th a t ,  under  
co n d i t io n s  of s t r e s s ,  the  impor tance  of root graf ts  may be  
e n h a n c e d .
There a re  s im i la r i t i e s  b e tw ee n  th e  t r a n s lo c a t io n  
p a t te rn s  o b se rv ed  in th is  s tu d y  (Figure 3 .3)  and  th o se  
d e s c r ib e d  by Schu l tz  and Woods  (1967). In both  c a s e s ,  a
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rap id  r i s e  in t r a n s lo c a te d  t race r  occur red  in the f i r s t  few hours 
and  w a s  fol lowed by a pro longed drop in a c t i v i ty .  Figure 3 .5  
i l l u s t r a t e s  another  pa t te rn  in which  d e t e c t a b l e  i so to p e  in c re a s e d  
s t e a d i l y  over  a pro longed per iod .  Schu l tz  and Woods (1967) 
were  a b le  to e s t a b l i s h  r e l a t i o n s h ip s  b e tw e e n  the d iu rnal f lu c tu a ­
t ions  in t race r  movement,  so la r  r a d ia t io n ,  and high w a te r  s t r e s s .  
S im ilar  f luc tu a t io n s  were  o b se rv ed  in th is  s tudy  and a l though  
c h a n g e s  in tempera ture ,  r e l a t i v e  humidity  and c loud c o v e rag e  
were  n o ted ,  no co r re la t io n s  were  ap p a ren t .
8 6A com par ison  of the d i s t a n c e s  over  which  Rb and
ac id  fu c h s in  were  d e t e c t e d  showed tha t  both  t race r s  were
v a lu a b l e  in a s s e s s i n g  the  a c t iv i ty  of l iv ing  s tumps with
p a r t i a l ly  e x p o sed  root s y s t e m s .  Acid fu c h s in  w as  d e t e c t e d
8 6v i s u a l l y  a t  d i s t a n c e s  and c o n ce n t r a t io n s  a t  which Rb could  
not b e  d e t e c t e d  above  the background  ra d ia t io n .  The need to 
d e s t r o y  the root sy s te m  to de te rm ine  the d y e ' s  p r e s e n c e ,  
ho w ev er ,  w as  s u f f ic ie n t  d i s a d v a n ta g e  to o f f s e t  th is  b e n e f i t .
In any  e v e n t ,  the u s e  of i s o to p ic  e lem en ts  and a dye  su ch  as  
ac id  f u c h s in  a p p ea rs  to have  l im ited  a p p l i c a t io n  in the d e te c t io n  
of root g ra f t s  in u n d is tu rbed  fo r e s t  s t a n d s .  N e v e r t h e l e s s ,  the se  
t r a c e r s  are  u se fu l  in de termining  movement p a t te rn s  and  the
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deg ree  to which  l iv ing  t rees  can  u t i l i z e  the  root s y s te m s  of 
l iv ing  s tumps through root g ra f t s .
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CHAPTER 4
THE EFFECT OF LIVING STUMPS ON THE GROWTH 
OF ASSOCIATED TREES
INTRODUCTION
The high f requency  of l iv ing  s tumps in r a d ia t a  pine 
s t a n d s ,  toge ther  with the i r  a b i l i t y  to co n d u c t  s u b s t a n c e s  to 
l iv ing  t r e e s ,  h a s  b een  i l l u s t r a t e d  and  d i s c u s s e d .  This makes 
f e a s ib l e  Adams'  (1940) s u g g e s t io n  tha t  l iv ing  s tumps could  
con t r ibu te  to the  immediate  growth r e s p o n s e  shown by th inned 
s t a n d s .  No a s s e s s m e n t  of th is  p o s s ib i l i t y  has  ye t  b e e n  made 
in r a d ia ta  p ine  s t a n d s .  In the  fo l lowing s tudy ,  the  e f fec t s  of 
l iv ing s tumps on the growth of t rees  a s s u m e d  to be  a t t a c h e d  
to those  s tumps  are exam ined .
MATERIALS AND METHODS
Compartment  140 Uriarra  (Appendix C) w as  
s e l e c t e d  for the  s tudy  a s  the growth h i s to ry  of e a c h  tree was
a v a i l ab le  from the time of f i r s t  th inn ing .  This e n ab led  the
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a g e  of e ac h  l iv ing  s tump to be  de te rm in ed .  All t r e e s  were 
a s s i g n e d  l iv ing  s tumps on the  b a s i s  of the i r  proximity to,  and 
o r ie n ta t io n  wi th ,  the l iv ing  s tumps p re s en t .
One hundred and five  t rees  on a to ta l  of three  p lo ts  
w e re  examined; bu t ,  for a p a r t i c u la r  s e t  of c o m p ar i so n s ,  
con tro l  t rees  ( those w i thou t  l iv ing  stumps) and t rea ted  tr ees  
( those  with  l iv ing  stumps) w ere  s e l e c t e d  from the one plot  in 
o rder  to m in im ise  the  e f fe c t s  of d i f f e r en ces  in t rea tm en t  a n d /o r  
env i ronm ent .
Two methods  were  u s e d  to compare the increment  
d a ta  of e ac h  p lo t .  F i r s t ly ,  the  cu m ula t ive  d iam e te r  inc rem ents  
ove r  a period  of s ix te e n  y e a r s  of s i m i l a r l y - s i z e d  t rees  were  
compared  g ra p h ic a l ly .  S eco n d ly ,  a tw o -w a y  a n a l y s i s  of 
v a r i a n c e  (for u n equa l  r e p l i c a t e s )  was  car r ied  ou t  on the 
in c rem en t  d a ta  of the t rees  over  the  period two y e a r s  before  
and  three  y e a r s  a f te r  e ac h  th inn ing .  Trees  were  grouped 
acco rd in g  to the  number of l iv ing s tum ps  they  p o s s e s s e d  a t  the 
p a r t i c u la r  th inn ing  d a t e ,  and the i r  d i a m e te r  inc rem ents  e x p r e s s e d  
a s  a p e rc e n ta g e  of the ir  d iam e te r s  a t  the  beg inn ing  of the 
per iod  under  c o n s id e r a t i o n .  In th is  w ay ,  i t  w as  hoped to 
c o m p en s a te  for the  more rap id  d ia m e te r  growth of the  v igorous
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t r e e s .  Because  the v a r ia n ce  of the d i f fe ren t  t rea tm en ts  did 
not di ffer  s ig n i f i c a n t ly ,  the  p e rcen tag e  d iam e te r  inc rem ents  
w e re  a n a ly se d  d i rec t ly  w i thou t  t ransformat ion .
RESULTS
As the  r e s u l t s  from the th ree  plots  were  i d e n t i c a l ,  
on ly  da ta  from plo t 1 are p r e s e n te d .  The cumula t ive  d iam eters  
of t rees  from s im i la r  s i z e  c l a s s e s  were  p lo t ted  (Figure 4 .1) 
and  examined to s e e  if a s s o c i a t i o n  wi th  newly  c r e a te d  l iv ing  
s tum ps  a l te red  the  s lo p e  of the  growth c u r v e s ,  pa r t i cu la r ly  in 
the  y e a r  immedia te ly  a f te r  th inning w hen  maximum b e n e f i t  
from an a t t a ch e d  root s y s te m  might be e x p e c te d .
The formation of l iving s tumps  appea red  to have  no 
e f f e c t  on the growth of t rees  even  though some t r ee s  had as 
many as  four a s s o c i a t e d  l iv ing  s tumps by 1968. Similar  
r e s u l t s  were  ob ta ined  when cum ula t ive  b a s a l  a reas  were  
com pared .
An a n a l y s i s  of v a r i a n ce  (Table 4.1) of d iam eter  
inc rem en ts  in d i f ferent  yea r s  shows no s ig n i f i c a n t  d i f f e rence  
b e tw e e n  t rea tm en ts  or in the t rea tm en t  x  period in te ra c t io n ,
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52 56 60 64 68
YEAR
FIGURE 4-1. CUMULATIVE DIAMETER INCREMENT OF TREES WITH 
DIFFERENT LIVING STUMP ASSOCIATIONS. DATA FROM 
PLOT 1 COMPARTMENT 40 URIARRA , THINNED IN 1952, 
1957, 1 9 62 ,  AND 1967.
TABLE 4. 1
A na lys is  of v a r iance  of the  d iam e te r  inc rem ents  of trees  
wi th  d i f fe ren t  numbers of a s s o c i a t e d  l iv ing  s tumps (Treat­
ment) over a period of f ive  c o n s e c u t iv e  y e a r s  (Period) 
dur ing  which  a th inning w as  e f fe c ted .
Source  of 
Varia tion




D e v ia t io n s
M ean  Square 
D ev ia t ion F
Treatment 4 7 .9 1.97 1.79 NS
Period 4 144 .8 36. 21 32 .89**
Treatment x~ 
Period 16 8 .6 0 .53 0 . 4 8 NS
Error 130 143.1 1 . 1
Total 154 3 0 4 .4
** Highly  s ig n i f i c a n t  (P < 0.01)
NS Not s ig n i f i c a n t
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by the  number of l iv ing s tumps a s s o c i a t e d  with  them. A 
s ig n i f i c a n t  d i f fe rence  w as  ob ta ined  be tw een  per iods  due to one 
y e a r  be ing  a very  s ev e re  drought y e a r ,  bu t  a s  there  w as  no 
s ig n i f i c a n t  d i f fe rence  b e tw ee n  t rea tm en ts  or in the tr ea tm ent  x 
period in te r a c t io n ,  one may co n c lu d e  tha t  t rees  wi th  l iv ing 
s tum ps  did not b e n e f i t  from the p o te n t i a l ly  i n c r e a s e d  a bso rp t ive  
root sy s tem  even  in drought y e a r s .
DISCUSSION
Before in te rp re t ing  the  r e s u l t s  fur ther ,  it is  
n e c e s s a r y  to poin t  out  some l im i ta t ions  in the  d a t a .  The 
a l l o c a t io n  of l iv ing  s tumps to the  n e a r e s t  tree may be jus t i f ied  
in some s p e c i e s  (Schultz and Woods 1967),  but ev id en c e  from 
the l im ited  e x c a v a t io n  s tu d y  d e s c r ib e d  in C hap te r  3 s u g g e s t s  
tha t  th is  is  not a lw ays  va l id  in Pinus r a d i a t a .  As root 
c o n n ec t io n s  were  not conf i rmed,  it c an n o t  be  s a id  tha t  the 
t rees  d e f in i t e ly  suppor ted  the l iv ing  s tumps a l lo c a te d  to them. 
In ad d i t ion ,  th e  growth r e s p o n s e  from a th inning  t rea tm en t  
might be  e x p e c t e d  to overr ide  any  minor growth e f fec t s  
produced by  a l iving s tum p,  pa r t i cu la r ly  as the d iam e te r
m easu rem en ts  were  taken  once  y ea r ly .  I t  is  s u g g e s t e d  tha t
more s e n s i t i v e  growth m easu rem en ts  a t  more f requent  in te rva ls
are  n e c e s s a r y  to d e t e c t  any  su ch  growth e f f e c t s .
D e sp i t e  the l im i ta t ions  m en t ioned ,  the r e s u l t s  are 
s im i la r  to those  of Schu l tz  (1962) , Ho lm sgaard  and Scharff  (1963) , 
and Bormann (1966) . These  workers  found in a v a r ie ty  of tree 
s p e c i e s  tha t  l iv ing  s tumps had no dem o n s t rab le  e f fec t  on the 
inc rem ent  of par tner  t r e e s .  Thus,  in r a d ia ta  p ine ,  a s  in o ther  
s p e c i e s ,  i t  appea rs  tha t  l iv ing  s tumps do not p lay  a major ro le  in
the normal growth of the s t a n d .
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CHAPTER 5
MANIPULATED ROOT GRAFTS 
INTRODUCTION
The rea l  s ig n i f i c a n ce  of root fus ion  to the growth of 
fo r e s t  t rees  c a n  only  be de te rm ined  w hen  root graft  func t ion  is 
fu lly  un d e rs to o d .  This requ i re s  a knowledge  of a ll  p lan t  and 
env ironmenta l  fac to rs  in f luenc ing  movement of s u b s t a n c e s  through 
root g ra f t s .  It is  s u s p e c t e d  tha t  r e l a t iv e  tree dom inance ,  food and 
nutr ien t  g r a d i e n t s ,  w a te r  s t r e s s ,  an a to m ica l  and b io p h y s ic a l  com­
p a t ib i l i ty ,  so i l  w a te r  a v a i l a b i l i ty ,  l ig h t ,  and tem pera tu re ,  al l 
in f luence  root graft  func t ion  (Graham 1960, De Byle 19 64, Graham 
and Bormann 1966, Schul tz  and Woods  1967).  In the f i e ld ,  i t  is 
a lm o s t  im p o ss ib le  to i s o l a t e  pa r t i cu la r  fac to rs  and to examine 
the ir  in f luence  on root graft  func t ion .  If, how ever ,  root gra f ts  
could  be  c re a te d  a r t i f i c i a l ly  b e tw e e n  s ee d l in g s  to a l low  in v e s t i g a ­
tions  under co n t ro l led  c o n d i t io n s ,  the  s tudy  of root graf t  function 
would be  f a c i l i t a t e d .
This s tudy  was  u n d e r ta k en  to de termine  the f e a s ib i l i t y
of c rea t ing  a r t i f i c ia l  root gra f ts  b e tw e e n  s ee d l in g s  and to exam ine ,  
b r ie f ly ,  the po ten t ia l  of such  m ate r ia l  in s tudy ing  root graft  func t ion .
MATERIALS AND METHODS
T w o -y ea r -o ld  r a d ia t a  pine c u t t in g s  p o s s e s s i n g  w e l l -  
d e v e lo p ed  l a t e r a l  ro o ts ,  idea l  for root g ra f t ing ,  were  ob ta in ed  from 
the  F o res t  Research  I n s t i t u t e ,  C a n b e r r a ,  A . C . T .  Each cu t t ing  
w a s  p lan ted  in a 1:1 mixture of pe r l i te  and p e a t  moss in five  inch 
d iam e te r  p o t s ,  and held  for s ix  w eek s  in a g l a s s h o u s e  equ ipped  
with  h e a te r s  and co o le r s  t o  avoid  tem pera ture  ex t re m es .  The 
photoperiod w as  s i x t e e n  hours (normal day  leng th  su pp lem en ted  
with  f lu o r e s c e n t  and i n c a n d e s c e n t  l ights)  . The p lan ts  were  
w a tered  d a i ly  and a comple te  nu tr ien t  s o lu t io n  w as  added twice  
w eek ly .
Prior to g raf t ing ,  the roo ts  of the p lan t s  were  w a sh e d  
c l e a n  and graded to enab le  the pair ing  of c u t t in g s  of s im i la r  root 
s i z e .  Each p lan t  pa i r  was  la id  on a f la t  board  and held  down 
firmly u s in g  rubber  b a n d s .  One root from e a c h  see d l in g  w as  
s e l e c t e d  and  the two w ere  a l igned  a lo n g s id e  one ano ther  for graf t­
ing.  The s u r f a c e s  of the roots  were  b lo t ted  dry ,  bark  w a s
removed , and feeder  roots  were  d e t a c h e d .  Three types  of graft
7 2 .
(approach ,  c le f t ,  and  r e v e r s e  c l e f t  -  P la te  5 .1) were a t tem pted  by 
making con t inuous  c u t s  into eac h  root and ca re fu l ly  jo in ing the 
two cu t  s u r f a c e s .  The gra ft  un ion  w as  bound im m edia te ly  with 
sm al l  s t r ip s  of parafi lm which  gave  a w a terproof  s e a l  and co vered  
and supported  the g raf ted  ro o ts .  The s e e d l in g  pa ir s  were  then 
re p o t te d .  S p e c ia l  c a re  was  taken  to reduce  root d e s i c c a t i o n  and 
damage  during the graf t ing  p r o c e s s .
It w as  thought  th a t  the " take"  of the  graft  might be  
a ided  by the  u s e  of growth s u b s t a n c e s  to s t im u la te  c a l l u s  d e v e lo p ­
ment .  To t e s t  t h i s ,  a con cu r ren t  s tudy  w as  made to exam ine  the 
e f fe c t s  of indole  a c e t i c  ac id  (IAA) and g ib b e re l l i c  ac id  (GA) on 
c a l l u s  format ion on cu t  root s u r f a c e s .  The hormones in a l a n o l in  
b a s e  were  sm ea red  on to ,  and kep t  in in t imate  c o n ta c t  w i th ,  cut  
root su r f a c e s  by  c l ip p in g  leng ths  of smal l  d iam eter  p l a s t i c  tubing 
over the c u t s  be fo re  s e a l in g  wi th  gauze  and graft ing m a s t i c .  Each 
t rea tm en t  w as  ap p l ied  to five  ro o ts .
Roots from both  exper im en ts  were  sam pled  a t  regu la r  
in te rva ls  for m a c ro sc o p ic  and m ic roscop ic  e x am in a t io n .  All mic ro­
s co p ic  s e c t i o n s  w ere  s t a in e d  with  a 0.05% aqu eo u s  so lu t io n  of 
to lu id ine  b l u e .




5-1 (a) MANIPULATED ROOT GRAFTS IN RADIATA SEEDLINGS. 
FROM LEFT TO RIGHT, APPROACH, CLEFT, AND 
REVERSE CLEFT GRAFTS.
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5*1 (b) SECTION OF .A ' MANIPULATED ROOT GRAFT (cleft graft) 
SHOWING FUSION AND DIFFERENTIATION OF CALLUS 
BETWEEN STOCK (a) AND SCION (b) . ORIGINAL CUT 
SURFACES SHOWN BY DOTTED L IN ES.
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were  u sed  in a p i lo t  s tudy  of the movement of P through root
g ra f t s .  Twenty w e ek s  a f te r  the  grafts  were  made the see d l in g
pairs  were  removed from the i r  pots  and the  roots  w a sh e d  c l e a n .
The ind iv idua l  root s y s te m s  of e ac h  s e e d l in g  pair ,  j o in ed  only
by the  grafted  root,  were  s e p a r a t e d  ca re fu l ly  and p laced  in
a d ja c e n t  pots  con ta in ing  V40 H o a g la n d ' s  so lu t ion  (Curtis  and
Clark  1950) . The s ee d l in g s  were  a l low ed  to a d j u s t  to the  nutr ien t
medium for two w e e k s  before  t rea tm entswere  app l ied .
The e f fe c t s  of sh ad in g ,  and of rem ova l ,  of s e e d l in g  
3 2sh o o ts  on movement of P through the root graft  were  exam ined .
The sh ad e d  shoo ts  were  p recond i t ioned  for two w eek s  before  the 
32iso tope  (0 .5  mCi P) was  added  to eac h  donor nu tr ien t  so lu t ion .  
Shoot removal w as  ca r r ied  out im m edia te ly  before  adding  the 
i s o to p e .  Shading  and shoo t  removal t rea tm en ts  were  app l ied  to 
bo th  donor and r e c e p to r  s e e d l i n g s ,  and eac h  t rea tm en t  w a s  
d u p l i c a t e d .
The s h o o ts  of donor t r e e s ,  and the  shoo ts  and roots  of 
recep to r  t r e e s ,  w ere  monitored for e ig h t  days  a f te r  the i so to p e  was 
added u s in g  a G e ig e r -M u l le r  tube a t t a c h e d  to the monitoring 
equ ipment  d e sc r ib e d  e a r l i e r  (Plate 5 . 2 ) .  The p lan t  pa r t s  be ing


























































































Every p recau t ion  w as  taken  to e n su re  tha t  the only  
c o n ta c t  b e tw ee n  the s e e d l in g s  of each  s ee d l in g  pair  w as  v ia  the  
m an ipu la ted  root graft .
Eight days  af te r  i so to p e  in je c t io n ,  the s e e d l in g s  were  
h a r v e s t e d ,  p r e s s e d ,  and oven  dr ied  a t  85°C for 24 hou rs .  The 
dr ied p lan ts  were  then p laced  in c o n ta c t  wi th  X-ray film in the 
dark from 4 to 9 6 hours (depending on activity) after wh ich  the 
films were  deve loped .
RESULTS
(1) Root c a l l u s  deve lopm ent .
Effects  of the p lan t  hormones on root c a l l u s  d e v e lo p ­
ment were a s s e s s e d  o b je c t iv e ly  by de termin ing  the proportion of 
the  o r ig inal  cu t  su r face  producing c a l l u s  t i s s u e .  These  propor­
t ions  were  m easured  m ic ro sco p ica l ly  u s in g  c r o s s  s e c t i o n s  cu t  
from roots  r ece iv ing  each  t rea tm en t  (Table 5 . 1 ,  P la tes  5 .3  and 
5 . 4 ) .  No c o n s i s t e n t  trends  were  o b se rv ed  and ,  o v e ra l l ,  c a l l u s  
deve lopm en t  on the  control  s eg m en ts  w a s  as  good a s  th a t  on any  
o ther  segm en t  a t  any  one sam pl ing  t ime.  The v a s t  major i ty  of 
roots  l e s s  than 3 mm in d iam e te r  d ie d .
The t ime co u rse  of c a l l u s  format ion may y ie ld  some
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TABLE 5 . 1
P rog ress ive  c a l l u s  dev e lo p m en t  r e s u l t i n g  from va r ious  
IAA and GA a p p l i c a t io n s  to cu t root s u r f a c e s .  (One 
root sampled  from e ac h  t rea tm en t  on each  occas ion)  .
T rea tm en t Ratio of c a l l u s  wid th  to width  of cu t  su r face
IAA GA W ee k s  a f te r  hormone a p p l ic a t io n
ppm ppm 3 7 11
0 0 0 .43 d 1 .0
5 0 0 .2 7 0 .75 1 .0
50 0 0 .5 6 0 .8 8 0 .7 9
450 0 0 .1 6 0 .9 4 0 .9 4
0 5 d d 0 .9 7
5 5 0 .41 d 1 .0
50 5 0 .1 8 0 .3 6 1 .0
450 5 0 .3 4 0 .61 0 .9 7
0 50 0 .53 1 .0 d
5 50 0 .33 1 .0 1 .0
50 50 0 .6 1 0 .7 7 d
450 50 0 .21 0 .9 6 1 .0
0 500 0 .2 4 0 .8 6 0 .9 8
5 500 d 0 .6 6 1 .0
50 500 0 .3 0 0 .8 4 0 .9 8
450 500 0 .3 4 0 .6 4 d




CALLUS FORMATION ON TREATED ROOTS 
SHOWING MACROSCOPIC VIEW OF CALLUS 0 ) ,  
AND PHOTOMICROGRAPHS OF SECTIONS 
THROUGH ROOTS (b and C ). CALLUS
r a t io  ocb) a n d  0 -1 6 (0  .
7?.
PLATE 5 '4
PHOTOMICROGRAPHS OF SECTIONS THROUGH 
TREATED ROOTS. CALLUS RATIOS 0*61 (d), 
0 *9 0  (e ) ,  1*0 (O  . NOTE CALLUS DEVELOPMENT
FROM CAMBIUM, EPITHELIAL CELLS AND 
PITH PARENCHYMA .
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in format ion on the m anipu la ted  root graf t ing  p r o c e s s .  No c a l l u s  
formed unt i l  three w eeks  a f te r  t re a tm en t ,  a l though a reas  of 
in c r e a s e d  c e l l  ac t iv i ty ,  as  e v id e n c e d  by smal l  c e l l s  with  large 
n u c le i ,  were  apparen t  ea r l i e r .  Not a l l  c a l l u s  was  in i t i a ted  from 
the oute r  cam bia l  l a y e r s ,  as  pith pa renchyma c e l l s ,  e p i th e l i a l  
c e l l s ,  and i s o la t e d  co r t ica l  pa renchym a ,  a ll  produced c a l l u s  t i s s u e  
on some roots  (Plates 5 .3  and 5 . 4 ) .  After three  w e e k s ,  c a l l u s  
d eve lopm en t  becam e more profuse  u n t i l ,  a t  the  end of twelve  
w e e k s ,  c a l l u s  t i s su e  com ple te ly  covered  the cu t  su r face  on the 
majori ty  of roots (Plate 5 .4 ) .  D if fe ren t ia t ion  wi th in  th is  newly  
dev e lo p ed  t i s s u e  w as  observed  in only  a few sam ples  during the 
exper im ent .
(2) M an ipu la ted  root g r a f t s .
Diff icu l ty  was  e x p e r ien ced  in i t i a l ly  in ge t t ing  the  two 
roots  of a graf ted  pair  to fu s e .  Examination of the roots  c o n ­
c e rn ed ,  toge ther  with  informat ion g a in ed  from the hormone s tudy ,  
ind ica ted  tha t  root s i z e  was the l imit ing fac to r .  A root d iam eter  
of 3 mm appea red  to be c r i t i c a l .  Few roots  be low  this  d iam eter  
graf ted  s u c c e s s f u l l y  in c o n t r a s t  to the  s u c c e s s  a ch iev ed  wi th  
roots of d iam e te r  g rea te r  than 3 mm.
Under  the cond i t ions  of th is  s tu d y ,  the t ime required
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for c e r t a in  root fu s ion  w as  th i r teen  w eek s  (Plate 5.  1(a)). By this 
t ime,  d i f f e r en t ia t io n  of the c a l l u s  t i s s u e  had e s t a b l i s h e d  a c o n ­
t inuous  xylem band b e tw e e n  the roots  co n ce rn ed  (Plate 5 .1 (b ) ) .
The three gra ft ing te ch n iq u es  tr ied were  e q u a l ly  s u c c e s s f u l  s u g g e s t ­
ing that, in it ia l ly ,  the p h y s io lo g ic a l  po la r i ty  of t i s s u e  had no 
e f fec t  on root fu s io n .
(3) Root graft  f u n c t io n .
I so to p e  d e t e c t io n ,  u s in g  both  the G e ig e r -M u l l e r  tube
and au to rad iography  of s e e d l i n g s ,  showed movement of i so tope
through root gra f ts  of some s e e d l in g  p a i r s .  The r e s u l t s
3 2summarized  in Table  5 . 2  show movement of P in to  four of the 
ten  pa i red  re c ep to r s  but the  pa t te rn s  of movement o b se rv ed  are 
i n c o n s i s t e n t .  An au to rad iograph  of one of the s ee d l in g  pairs  is  
shown in Pla te  5 . 5 .
TABLE 5. 2
Summary of r e s u l t s  of i so to p e  movement  through man­
ipu la ted  root gra fts  from donor to r e c ep to r  s e e d l i n g s .
Treatment Number of 
R ep l ica te s
Pos i t ive  M ove­
ment to ReceptorDoner Receptor
Shade Sun 2 0
Sun Shade 2 1
Topped Tin topped 2 1
Untopped Topped 2 1
U ntrea ted U ntrea ted 2 1
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DISCUSSION
These  exper im ents  show tha t  the formation of 
a r t i f i c i a l  root grafts in Pinus ra d ia ta  s e e d l in g s  is  p o s s i b l e ,  and 
tha t  w h e n  roots  3 mm or more in d iam e te r  are  u s e d ,  the  c h a n c e s  of 
s u c c e s s  are  high.  F i sch e r  et  a l . (1960) have  d em ons t ra ted  
the p o s s i b i l i t y  of manipula t ing  root grafts  in s e e d l in g s  of Picea  
a b i e s . This technique  offers  c o n s id e ra b le  promise in s tudy ing  
the  fac to r s  a ffec t ing  movement through root g ra f t s .
The pola r i ty  of t i s s u e s  in the graft  un ion  did not 
ap p ea r  important as far as  the gra ft  i t s e l f  w as  c o n ce rn e d ,  bu t  no 
work w as  done to dete rmine  w h e th e r  or n o tp o la r i ty  w as  important 
in movement  of s u b s t a n c e s  through root graf ts  (Section 1 .2 ) .
There w as  no ev id en c e  tha t  a p p l i c a t io n  of the growth 
hormones  IAA and GA s t im ula ted  c a l lu s  deve lopm en t  on c u t  root 
s u r f a c e s  a n d ,  by in fe rence ,  root gra f t ing .  Stem graft ing is  so m e­
times a id ed  by  growth hormones  (Cook 1968),  and it is  p o s s ib l e  
th a t ,  a t  t im e s ,  they may a id  the format ion of m anipu la ted  root 
g ra f t s .  Torrey and Loomis (1967) induced  the  d i f f e r en t ia t io n  of 
v a s c u l a r  t i s s u e s  in r a d i sh  roots  by a mixture of growth hormones ,  
the e s s e n t i a l  components  of w h ich  were  aux in  and cy tok in in .
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PLATE 5 -5  MOVEMENT OF 32P FROM DONOR SEEDLING (on I eft) TO 
RECEPTOR (on right) VIA MANIPULATED ROOT GRAFT 
SHOWN BY ARROW. MOUNTED SEEDLINGS ABOVE, 
AUTORADIOGRAPHS BELOW.
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P o s s ib ly ,  u s e  of a cy tok in in  would have  s t im u la ted  c a l l u s  formation ,  
t i s s u e  d i f f e r en t i a t io n ,  and root graf t ing  in the  p re s e n t  s tudy .
The movement of i so to p e  through some of the root 
g ra f t s ,  a l though  only  in sm al l  q u a n t i t i e s  and in i n c o n s i s t e n t  
p a t t e r n s ,  is e n cou rag ing .  The i so to p e  was  added only  20 w eeks  
a f te r  the graf ts  were  made.  It is p o s s ib l e  tha t  ana tom ica l  
co n t in u i ty ,  pa r t i cu la r ly  of the v a s c u l a r  e lem en ts  b e tw e e n  ro o t s ,  
w as  in su f f ic ie n t  a t  this time for free  movement through the  gra ft  
u n io n s .  Also ,  the  number of s ee d l in g  pairs  u s e d  in e a c h  t r e a t ­
ment was  minimal.  However ,  the r e s u l t s  show the f e a s i b i l i t y  of 
the techn ique  which  could be ex trem ely  v a lu ab le  in s tudy ing  the
func t ion  of root g ra f t s .
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CONCLUSIONS
This s tudy  has  shown tha t  root graft ing is w id esp read  
in r ad ia ta  pine p lan ta t ions  in the A . C . T .  In the r e l a t iv e ly  low 
s i t e  qua l i ty  s t a n d s  exam ined ,  root graft ing appea rs  to commence  
a t  a s tan d  age  of about 10 y e a r s ,  and  then to i n c re a s e  r a p id ly  with 
age  unti l  a t  l e a s t  25 years  when it  is  l i k e ly  tha t  mos t  s tand ing  
t rees  have a t  l e a s t  one func t iona l  root gra f t .  Compared with  
o ther  a reas  of radiata>pine of h igher  s i t e  q u a l i ty ,  the age  a t  which  
root gra ft ing com m ences  in the  A . C . T .  is probably  high and the 
in c id e n ce  of graft ing throughout the  l ife of s t a n d s  is  probab ly  low 
( e . g ., Will  1966).
There w as  no e v id e n c e ,  from an exam ina t ion  of the 
v a r ia t io n  in root gra ft ing in d i f fe ren t  s t a n d s ,  tha t  s i lv ic u l tu ra l  
p r a c t i c e s  su ch  as  in i t i a l  s p a c i n g ,  th inning  f requency  or in t e n s i ty ,  
a f fec ted  the in c id e n ce  of root g ra f t ing .  The one fac to r  which  did 
ap p ea r  to have  a marked in f luence  on root gra ft ing w as  so i l  depth: 
graft ing w as  much l e s s  p reva len t  on sh a l lo w  s o i l s .  The range 
of va r ia t ion  in s i lv ic u l tu ra l  t r e a tm en t  and s i t e  qua l i ty  in the s tan d s  
s tud ied  w as  not  g rea t ,  and the a v a i l a b l e  e v id e n c e ,  v i z .  ,
i n f r eq u en cy  of root graft ing in t rees  of lower crown c l a s s e s  
(Grose 1968, Pawsey 1962, Yli Vakkuri 1953), abundance  of 
root gra f t ing  in rad ia ta  pine on high s i t e  q u a l i t i e s  (Will 1966),  
and  the p a u c i ty  of root graft ing  in the  A . C . T .  on sha l low  s o i l s ,  
s u g g e s t  tha t  any fac tor which e n co u rag e s  v igorous  root growth 
would  encourage  root g raf t ing .  The ex ten t  to which  roots  permeate  
the  a v a i l a b l e  so i l  volume must  a l s o  be impor tant,  and it seem s  
c e r t a i n  tha t  in i t i a l  spac ing  and th inning  p ra c t i c e s  mus t  have  
some in f luence  on root graf t ing .  The a b s e n c e  of su ch  e f fec t s  
in the p r e s e n t  s tudy  is probably  due to the la ck  of su f f ic ien t ly  
l a rge  d i f f e r en c es  in th e se  fac to rs  in the  s t a n d s  exam ined .
Various t e chn iques  are  a v a i l a b l e ,  a t  l e a s t  in 
theory ,  for m easur ing  the i n c id e n ce  of root graft ing in fo res t  
s t a n d s .  T hese  inc lude  e x c a v a t io n  of root s y s t e m s ,  e s t i m a te s  
b a s e d  on the  number of l iv ing s tumps  in th inned  s t a n d s ,  and the 
u s e  of t r a c e r  m a te r ia ls  such  a s  i s o to p e s  and d y e s .  For obvious  
r e a s o n s  of e x p e n s e  and t ime,  the  p o s s i b i l i t y  of e x cav a t in g  root 
s y s t e m s  on a la rge  s c a l e  is l im i t ed .  Es t im a tes  b a s e d  on the 
number of l iv ing  s tumps are con f ined  to s t a n d s  which have  b e en  
th inned ,  and there  is no gua ran tee  tha t  the  r e s u l t s  apply  to the 
r e t a in ed  t r e e s .  In add i t ion ,  de te rm ina t ion  of the  t ime a t  which
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par t icu la r  root g ra f ts  are  a c tu a l ly  formed can  only  be made by 
e x ca v a t io n  and ring counts  of fused  root s y s t e m s .  The most 
meaningfu l e x p re s s io n  of root graft ing b a s e d  on counts  of l iv ing  
s tumps  may vary  accord ing  to the s t a t e  of the s tand  a s  d i s c u s s e d  
in C hap te r  2. In theory ,  the u s e  of r a d i o i s o t o p e s ,  and l e s s  
id e a l ly ,  dyes  to d e t e c t  the p r e s e n c e  of root grafts  in u n d is tu rbed  
fo re s t  s t a n d s  would seem to be  the b e s t  te ch n iq u e .
In th is  s tudy ,  however ,  s e r io u s  l im i ta t ions  of the  
i so tope  techn ique  were  appa ren t .  In some c a s e s ,  a l though  the 
i so tope  moved through a root graft  into  the  b a s e  of a tree or stump, 
i t s  p r e s e n c e  cou ld  not be  d e t e c t e d  by  the monitoring equipment  
u s e d  b e c a u s e  of the  depth  of the i so tope  in the wood. In o ther  
c a s e s ,  i n je c ted  i so to p e s  did not move through func t iona l  root 
g r a f t s .  I s o to p e s  (and dyes) moved re a d i ly  from l ive  s tumps to 
a s s o c i a t e d  l ive  t r e e s ,  but  in no c a s e  did the t r ace r s  move in the 
re v e r se  d i rec t io n  nor did they move from one l iv ing tree to ano ther .  
These  r e s u l t s  show tha t  movement of the  t race r  d ep en d s  on 
undef ined  fac to rs  and , unti l  more is known of the  fac to rs  a f f e c t ­
ing movement  of s u b s t a n c e s  through root g ra f t s ,  the  f ie ld  a p p l i c a ­
t ion of t race r s  for the  d e tec t io n  of root gra fts  haß l imited  v a lu e .
The o ccu r rence  of root gra f t ing  in f o r e s t  s t a n d s  has
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obvious  impor tance  for some s i lv i c u l tu ra l  and m anagem ent  
p r a c t i c e s .  For example ,  the p o s s ib i l i t y  of car ry ing  out chem ica l  
thinning or debark ing  is  s e v e r e ly  l im i ted  by  the r i sk  of damage  to 
crop t r e e s .  Also ,  there  is a d i s t i n c t  p o s s ib i l i t y  of d i s e a s e s  such  
as  root ro ts  be ing  t ransm it ted  b e tw e e n  t rees  through root g ra f t s .
Other l e s s  obvious  e f f e c t s  of root gra f ts  may a l so  
in f luence  the growth of t r e e s .  In the p a s t ,  many au thors  have  
s p e c u la t e d  on the phys io lo g ica l  im p l ica t ions  of root g ra f t s  in 
th inned  s t a n d s ,  but q u an t i ta t ive  e v id en c e  a v a i l a b le  in d i c a t e s  
tha t  the a s s o c i a t i o n  of l iving s tum ps  with  a l ive  tree has  no 
e f fe c t  on the growth of tha t  tree  ( see  Graham and Bormann 19 66) . 
The same c o n c lu s io n  w as  r e a ch e d  in th is  s tudy  following a n a ly s i s  
of the growth of t rees  a s s o c i a t e d  w i th  va ry ing  numbers  (from 0 to 
4) of l ive  s tu m p s .  The a l l o c a t io n  of s tumps to t rees  w a s  b a s e d  
pure ly  on the  r e la t iv e  po s i t io n s  of s tumps and t rees  and ,  as 
poin ted  out in C hap te r  4, th is  a l l o c a t io n  may have  b e e n  in error.  
However ,  the overa l l  c o n c lu s io n  tha t  the a s s o c i a t i o n  of l iving 
s tumps with  a l ive  tree had no e f f e c t  on the  growth of tha t  t ree ,  
even  under  co nd i t ions  of s ev e re  env i ronm enta l  s t r e s s  su ch  as  
drought,  is  probably  va l id .
S ince  l iv ing  s tumps co n t inue  to grow in d iam e te r  for
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many y ea r s  (although growth may only  be sl ight)  they must re c e iv e  
some organ ic  nutr ien ts  from the  a s s o c i a t e d  l iv ing  t ree .  Con­
v e r s e l y ,  a s  shown by the movement  of t race r s  from liv ing s tumps  
to l iv ing t r e e s  through root g ra f t s ,  the  l iving tree is  ab le  to draw 
on the roo t  sy s tem  of the s tump for a t  l e a s t  some w a te r  and 
inorgan ic  n u t r i e n t s .  Poss ib ly  the  e x ch a n g e  of organic  m ate r ia l  
to ,  and inorgan ic  mate r ia l  from, the l iv ing s tump r e a c h e s  a s t a t e  
of b a la n c e  and the overa ll  growth of the  a s s o c i a t e d  t ree  is 
u n a f f e c t e d .
The quan t i ty  of m a te r ia l  p a s s i n g  through root g ra f t s ,  
how ever ,  is  unknown and know ledge  of the  fac to rs  a f fec t ing  such  
movement is l i k e w is e  unknown.  Unti l  more information is 
a v a i l a b le  on q u e s t io n s  such  as  t h e s e  our knowledge  of the 
p re c i s e  func t ion  and potentia l  im por tance  of root graft ing is 
in co m p le te .  The pa t te rns  of movement of i so to p e  through a 
root (Figs .  3 .3  and 3.4) showed f lu c tu a t io n s  which  were  not 
r e a d i ly  e x p l i c a b l e  in terms of env ironm enta l  fac to rs  su ch  as 
s o la r  r a d ia t io n  and  w a te r  s t r e s s .  The c a u s e s  of t h e s e  f l u c tu a ­
t ions  in t r a n s lo c a t io n  pa t te rns  shou ld  be  s o u g h t .  Also,  more 
d e ta i l ed  ex am in a t io n s  should  be made of the p lan t ,  s o i l ,  and 
c l im a t ic  c o n d i t io n s  which a f fec t  the  r a te  and d i rec t ion  of
movement of s u b s t a n c e s  through root g ra f t s .
M ethods  of s u c c e s s f u l l y  producing grafts  b e tw ee n  
see d l in g  roots are d e sc r ib e d  in th is  s tu d y ,  and there  ap p ea r  to be 
no rea l  d i f f i cu l t i e s  with  the t e c h n iq u e .  With  such  m ate r ia l  the  
movement of s u b s t a n c e s ,  both  o rgan ic  and ino rgan ic ,  through 
po la r ,  an t ip o la r  and r ig h t - a n g u la r  root gra fts  could  be s tu d ie d .  
The e f fec t s  of environmenta l  c o n d i t i o n s ,  and of the r e la t iv e  
growth ra t e s  of donor and re c ep to r  s e e d l i n g s ,  could  be  exam ined  
under co n t ro l led  cond i t ions  u s i n g  ro o t - g ra f t e d  s e e d l in g  m a te r ia l .  
It is c o n s id e re d  th a t  work of th is  na tu re  cou ld  he lp  e lu c id a te  the
fundamenta l  na tu re  of root graft  func t ion .
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APPENDIX A
Repor ted occu r rence  of root gra fts  ad d i t io n a l  to those  g iven  
by  Graham and Bormann (1966)
S p ec ie s LivingStumps
Self
Graf ts
In t r a ­
sp ec i f i c Reference
Acer saccharum X Berchenko (1959)
Euca lyp tus  d e l e g a t e n s i s c Grose (1969)
" margina ta r Kimber (1967)
" regnans c c Grose (1969)
" tes  s e l l a r  is o B is s e t  & Shaw (1954)
Ficus  g lobosa c Rao (1966)
Fraxinus  v i r id is X S a v e l ' e v a (1968)
G le d i t s c h i a  (?) X Berchenko (1959)
Picea  g lauca c c Grose (1968)
Pinus rad ia ta c c Adams (1940)
X Boomsma (1949)
c Hollingworth (1967)
c Paw sey (1962)
c c c Wil l (1966)
Pinus s y l v e s t r i s Podzorov (1963)
-  sou thern  and w e s t e r n
p rovenances o c
-  northern  and c e n t r a l
p ro v en an ces m o
Populus (?) X Berchenko (1959)
Populus tremulo ides o De Byle (1964)
Quercus  a lba X Berchenko (1959)
" dumosa X Hellmers  et a 1.(1955)
? = b e s t  in fe rence r = rare
c = common m = s p e c i f i c a l l y  m is s ing
o = o c c a s io n a l x  = p re s e n t  bu t  f r equency





















































































































































































































































































































































































25 30 34 40
9 3 .
APPENDIX C
Plot d iagrams showing l iv ing  t rees  and  l iv ing  s tumps on a ll  
p lo ts  examined in the s tudy .
Live por tions  of l iv ing s tum ps  are s h ad e d  b la c k .
Loca t ion  of so i l  p i ts  for exam ina t ion  of so i l  p rof iles  
re ferred  to in C h ap te r  2 are  shown by an X.
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